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Synopsis 


An accurate knowledge of molecular force fields is essential in the prediction and interpre- 
tation of vibrational spectra and also in molecular mechanics and dynamics simulation 
[1]. Attempts to deduce molecular force field from spectral data alone have not been 
successful so far for molecules containing more than a few atoms [2]. Ab initio molecular 
orbital methods offer an attractive alternative to resolve this problem. Due to the recent 
advances in the quantum chemical methodology, an accurate description of molecular 
force field is possible for small molecules by extending the atomic orbital basis sets and 
including the electron correlation. Such a physical representation of systems of interest in ; 
chemistr}'' and structural biology is not possible due to limited computational resources. 
A new approach has been introduced in this regard by using the ab initio Hartree-Fock i 
calculations employing an optimal basis set to derive preliminary quantum mechanical 
force held, whose parameters are then systematically scaled by htting the available ex- 
perimental data. These scale factors are then transferred to structurally related larger 
systems [3]. In the present study, a new algorithm has been developed in this regard and 
interpretation and prediction of the vibrational spectra of few aromatic hydrocarbons [4]; 
and amino acids have been carried out using this newly developed methodology 

In chapter 1 of the thesis, the use of ab initio calculations in the development of i 
force held has been reviexved. Importance of the force constants for the interpretahonl 
and predichon of vibrational spectra has been discussed and the existing methodologies| 
on scaling of ab iniho force held have been review^ along with their advantages and 
disadvantages. A brief outline of the thesis is also presented. 

In chapter 2, the basic framework of ab iniho calculahons has been presented. A brief 
descriphon of the basis sets employed, the Hartree-Fock model, methods of inclusion of 
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electron correlation and the theory behind the evaluation of force constants is given. The 
conversion of cartesian force constants (available from ab initio studies) to non-redxmdant 
local and symmetric force constants is also discussed. All the ab initio calculations have 
been carried out with Gaussian and GAMESS suit of programs. 

In chapter 3, a novel method is described to obtain a scale factor for each force constant 
in the force constant matrix as a quantitative measure of the systematic error in the ab initio 
methods; These scale factors offer a simple solution to the problem of interpretation and 
prediction of vibrational spectra using the Scaled Quantum Mechanical (SQM) approach of 
Pulay et al. [3]. A detailed description of the methodology and its theoretical justification 
are presented. The advantages of the present methodology over the existing ones are 
listed. The performance of the method compared to the SQM procedure is demonstrated 
by using acrolein as example. A nearly unique force field of benzene is obtained by 
fitting the ab initio force field of five different calculations (HF/4-21G, 6-31G*/ 6-311G**, 
6-311++G** and MP2/6-311G’^*) to the harmonic frequencies of Ozkabak and Goodman 
[5]. Transferability of the scale factors for the prediction of vibrational spectra has been 
demonstrated by using pyridine and benzaldehyde as test cases. 

In chapter 4, a complete set of force constants and their corresponding scale factors are 
obtained by fitting the experimental frequencies of naphthalene-do and -ds to the ab initio 
force field obtained at HF/4-21G level using the methodology described in chapter 3. The 
fitting is extremely successful in producing a force field which reproduces the frequencies 
within an average deviation of 5.7 cm“^ for naphthalene-do and 4.0 cm~^ for -dg from the 
experimentally observed fundamentals. The ab initio force constants of anthracene are 
obtained using the same level of theory and scaled using the scale factors of naphthalene. 
The earlier assignments are either confirmed or reassigned utilizing the frequencies and 
potential energy distributions (PED) derived from the scaled force field. The agreement 
between the experimental and predicted fundamentals are excellent for this molecule 
containing 24 atoms giving an average deviation of 8.2 cm~^. 

In chapter 5, the force fields of glycine hydrochloride (GH) and glycylglycine hy- 
drochloride (GGH) are presented. A conformational study was undertaken for GGH at 
HF/b-SlG*^* level of theory. By fitting the experimental vibrational frequencies of seven 
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isotopomers of GH to the ab initio force field for the lowest energy conformation using 
the methodology described in chapter 3 a complete set of force constants and their cor- 
responding scale factors are obtained. The fitting is extremely successful in producing 
a force field with an average deviation of 9.7 cm~^ from the experimentally observed 
fundamentals for all the seven isotopomers. The scale factors of GH are used to obtain 
the scaled ab initio force field of the minimtun energy conformer of GGH, which in turn 
was used to predict the vibrational frequencies and their PED. The very good agreement 
between the experimental and predicted fundamentals offer a "real" example to the con- 
cept of building a reliable force field from a smaller unit to a larger unit i.e. of a dipeptide 
from its parent amino acids. 

In chapter 6, transferability of scale factors from smaller constituents to a larger is 
successfully attempted for two important amino acid hydrochlorides cysteine and serine. 
The scale factors of GH from chapter 5 are used to scale the ab initio force field of both the 
molecules. Scale factors of the side chain residues of cysteine and serine are obtained by 
fitting the ab initio force field of ethanethiol and ethanol to their respective experimental 
frequencies at the same level of theory. In both the cases the prediction of the frequencies 
and their normal mode descriptions are very good. This further indicates that the scale 
factors of structurally related small organic molecules (ethanethiol and ethanol in the 
present case) can be used to mimic the right features of the amino acid side chain residues. 

In chapter 7, the ab initio calculation of isolated glycine zwitterion to study the vibra- 
tional spectral features is presented. Such an ab initio calculation on amino acids do not 
reproduce the experimental PED of the normal modes because of the strong intramolec- 
ular El-bonding which is absent in the condensed phase. Using Onsager reaction field 
model with a proper choice of solute radius and dielectric constant, it is shown that the 
ab initio method mimics the features of experimental PED very well. Several basis sets 
are used for identifying the right ab initio model. By fitting this ab initio force field of the 
solvated model to the experimental vibrational frequencies of four different isotopomers 
at HF/6-31++G* level a complete set of non-redrmdant force constants are obtained. The 
fitting produced a force field which produces the frequencies with an average deviation 
of 7.9 cm“^ from the experimentally obser\''ed fundamentals of all the four isotopomers. 
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Since mgst of the experimental data on amino acids are available for solution and/ or solid 
phases, their correct interpretation requires a good theoretical model. 

In chapter 8, based on our earlier glycine ab initio solvated model calculations, a 
complete set of scale factors are generated for alanine by fitting the ab initio solvated 
model force field to the experimental frequencies of five different isotopomers. Theses 
scale factors are then used to scale the ab initio force field of two important amino acids, 
cysteine and serine. Scale factors of the side chain residues of both cysteine and serine are 
obtained by fitting the ab initio solvated model force field of ethanethiol and ethanol to 
their respective experimental frequencies at the same level of theory. In both the cases the 
prediction of the frequencies and their normal mode descriptions are excellent compared 
to the size and complexity of the molecules. 

In chapter 9, a summary of the findings of the present study and suggestions for future 
work have been forwarded. 



Bibliography 


[1] Derreumaiix, R; Vergoten, G. /. Chem. Phys., 1995, 102, 8586. 

[2] Ozkabak, A. G.; Goodman, L. J.Chem.Phys, 1987, 87,2564. 

[3] a) Pulay, P.; Fogarasi, G.; Pongor, G.; Boggs, J. E.; Vargha, A. /. Am. Chem. Soc., 1983, 
105, 7037. b) Fogarasi, G.; Pulay, P. Annzt. Rev. Phys. Chem., 1984,35, 191; in Vibrational 
Spectra and Structure, Vol. 14, (Edited by Durig, J. R.), Elsevier, Amsterdam, 1985. 

[4] Chakraborty, D.; Ambashta, R.; Manogaran, S. J. Phys. Chem, 1996, 100, 13963. 

[5] Goodman, L.; Ozkabak, A. G.; Thakur, S. N. J. Phys. Chem., 1991, 95, 9044. 


xvii 



Contents 


1 Introduction 1 

1.1 Outline of the Thesis 5 

2 Methodology 12 

2.1 Ab Initio Methods 12 

2.1.1 Hartree Fock Theory 13 

2.1.2 Electron Correlation 15 

2.1.3 Basis Sets 17 

2.1.4 Reaction Field Model of Solvation 19 

2.1.5 Force Constants 20 

2.2 Transformation of Force Constants 22 

2.3 Computational Details 24 

3 Interpretation and Accurate Prediction of Vibrational Spectra - A Modification 

to Scaled Quantum Mechanical Approach 30 

3.1 Methodolog}' •• 31 

3.2 Results 36 

3.2.1 Interpretation of Vibrational Spectra 36 

3.2.2 Prediction of Vibrational Frequencies 39 

3.3 Conclusions 40 

4 Force Field and Assignment of the Vibrational Spectra of Naphthalene and 

Anthracene 60 

4.1 Calculations 61 


XIX 



XX 


4.2 Results 62 

4.2.1 Force Field of Naphthalene and Anthracene 62 

4.2.2 Vibrational Spectra of Naphthalene 63 

4.2.3 Vibrational Spectra of Anthracene 65 

4.2.4 In-plane frequencies 66 

4.2.5 Out of plane frequencies ' 67 

4.3 Conclusions 68 

5 Theoretical Prediction of Vibrational Spectrum of N-Glycylglycine Hydrochlo- 
ride 94 

5-1 Calculations 95 

5.2 Results 96 

5.2.1 Conformations of GH 97 

5.2.2 Conformations of GGH 97 

5.2.3 Vibrational Frequencies of GH 97 

5.2.4 Vibrational Frequencies of GGH 98 

5.3 Conclusions 100 

6 Theoretical prediction of vibrational spectra of cysteine and serine Hydrochlo- 

ride TSl.9 

6.1 Calculations 120 

6.2 Results 12 i 

6.2.1 EtSH 121 

6.2.2 EtOH 121 

6.2.3 Vibrational Frequencies of CYSH 122 

6.2.4 Vibrational Frequencies of SERH 124 

6.3 Conclusions I 25 

7 Vibrational Analysis of Glycine Zwitterion I45 

7-1 Calculations I 47 

7.2 Results ^^7 

7.2.1 Geometry I 47 



XXI 


7.2.2 Selection of the right model 148 

7.2.3 Vibrational Frequencies 149 

7.3 Conclusions 150 

8 Theoretical Prediction of the Vibrational spectra of Cysteine and Serine Zwitte- 
rions 163 

8.1 Calculations 164 

8.2 Results 165 

8.2.1 Vibrational Frequencies of Ala 165 

8.2.2 Vibrational Frequencies of Cys 167 

8.2.3 Vibrational Frequencies of Ser 168 

8.3 Conclusions 170 


9 Conclusions and Future Scope 


194 



List of Tables 


3.1 Force constants obtained after fitting to 'simulated frequencies' 43 

3.2 Calculated(4-21G') and Experimental frequencies of acrolein and acrolein-di 44 

3.3 Fitted ab initio harmonic force field of benzene in different basis sets in 

terms of symmetry coordinates 45 

3.4 Fitted ab initio harmonic frequencies of benzene in different basis sets ... 46 

3.5 Fitted ab initio harmonic frequencies of and 47 

3.6 Predicted frequencies of pyridine using 4-21G basis set 48 

3.7 Predicted frequencies of benzaldehyde using 4-21G basis set 49 

3.8 Fitted force field of acrolein 50 

3.9 In plane scale factors of benzene ' 51 

3.10 Out of plane scale factors of benzene 52 

3.11 Internal coordinates of acetaldehyde 53 

3.12 Scale factors of acetaldehyde taken for prediction 53 

3.13 Internal coordinates of benzaldehyde 53 

3.14 Symmetry coordinates of benzaldehyde 54 

3.15 Non-redrmdant scaled 4-21G force constants of benzaldehyde 55 

3.15 (Continued): Non-redundant scaled 4-21G force constants of benzaldehyde 56 

4.1 Non-redimdant local coordinates of naphthalene 73 

4.2 Non-redundant local coordinates of anthracene 73 

4.3 Selected scaled force constants of naphthalene and anthracene 74 

4.4 Fitted ab initio(4-2lG) frequencies of naphthalene 75 

4.4 (Continued): Fitted frequencies of naphthalene . 76 

4.5 Anharmonic and harmonic frequencies and force constants 77 

xxiii 



XXIV 


4.6 Predicted vibrational frequencies of anthracene 78 

4.6 (Continued): Predicted frequencies of anthracene 79 

4.7 Orthogonal transformation matrix of naphthalene 80 

4.7 (Continued): Orthogonal matrix of naphthalene 81 


4.8 Orthogonal transformation matrix of anthracene 81 

4.8 (Continued); Orthogonal matrix of anthracene 82 

4.9 Naphthalene in plane symbolic F matrix in non-redimdant local coordinates 83 

4.9 (Continued ): Naphthalene in plane symbolic F matrix in local coordinates 84 

4.10 Naphthalene out of plane symbolic F matrix m non-redundant local coor- 
dinates • oc 

oi? 

4.11 Anthracene in plane symbolic F matrix in non-redundant local coordinates 86 

4.11 (Continued ): Anthracene in plane symbolic F matrix in local coordinates . 87 

4.11 (Continued ): Anthracene in plane symbolic F matrix in local coordinates . 88 

4.12 Anthracene out of plane symbolic F matrix in non-redundant local coordinates 89 

4.13 Mean amplitudes of vibration(A) of naphthalene 

5.1 Non-redimdant local coordinates ofGH 

5.2 Non-redundant local coordinates ofGGH 

5.3 Relative energies (in kj/mol) of GH and GGH 

5.4 Fitted vibrational frequencies of GH (cm-^) 

5.0 Fitted vibrational frequencies of all the seven isotopomers of GH (cm~^ ) 

5.6 Predicted Vibrational Frequencies of GGH (cm~^) 

5.6 (Continued); Predicted vibrational frequencies of GGH 

5.7 Optimized cartesian coordinates of the minimum energy conformation of 

GH at 6-31G*’*' basis set 

5.8 Optimized cartesian coordinates of the minimum energy conformation of 

GGH at 6-31G’^=^ basis set 

5.9 Non-redundant fitted force constants of GH 

5.9 (Continued); Non-redundant fitted force constants of GH 

5.10 Non-redundant scaled force constants of GGH 

5.10 (Continued): Non-redundant scaled force constants of GGH 


90 

104 

104 

105 

106 

107 

108 
109 

no 

no 

111 

112 

112 

113 



XXV 


5.10 (Continued): Non-redundant scaled force constants of GGH 114 

5.10 (Continued); Non-redundant scaled force constants of GGH 115 

5.10 (Continued): Non-redundant scaled force constants of GGH 116 

6.1 Local s 5 Tninetry coordinates of EtSH and EtOH 129 

6.2 Local symmetry coordinates of CYSH and SERH 129 

6.3 Optimized geometrical parameters of CYSH and SERH (6-31G’^*) ..... 130 

6.4 Fitted frequencies of EtSH and EtOH 131 

6.5 Predicted frequencies and PED of CYSH 132 

6.6 Predicted frequencies and PED of SERH 133 

6.7 Comparative calculated frequencies of 134 

6.8 Comparative calculated frequencies of 134 

6.9 Non-redundant scaled force constants of CYSH 135 

6.9 (Continued): Non redundant scaled force constants of CY'SH 136 

6.9 (Continued): Non redundant scaled force constants of CYSH 137 

6.9 (Continued): Non redundant scaled force constants of CYSH 138 

6.10 Non redundant scaled force constants of SERH 138 

6.10 (Continued); Non redundant scaled force constants of SERH 139 

6.10 (Continued): Non redundant scaled force constants of SERH 140 

6.10 (Continued); Non redundant scaled force constants of SERH 141 

7.1 Local symmetry coordinates ofGly 153 

7.2 Optimized geometries of Gly at different basis sets 154 

7.3 Selective unsealed vibrational frequencies of solvated Gly at different basis 

sets 155 

7.4 Frequencies of isolated and solvated (radius 3.2 A) Gly-di at 6-31 ++G* basis 

set 156 

7.5 Fitted isotopic frequencies of Gly '. 157 

7.6 The symbolic F matrix of Gly in nonredundant local coordinates 158 

7.6 (Continued): The symbolic F matrix of Gly in local coordinates 159 

8.1 Local symmetry coordinates of Ala 174 



XXVI 


8.2 Local symmetry coordinates of Cys and Ser 174 

8.3 Optimized geometrical parameters of Ala 175 

8.4 Optimized geometrical parameters of Cys and Ser 175 

8.5 Fitted frequencies of EtSH and EtOH 176 

8.6 Fitted frequencies and PEDs of Ala-do 177 

8.7 Fitted frequencies and PEDs of Ala-Cda and Ala-N'^'ds 178 

8.8 Fitted frequencies and PEDs of Ala-CdN+ds and Ala-CdsN'^ds 179 

8.9 Predicted frequencies and PEDs of Cys 180 

8.10 Predicted frequencies and PEDs of Ser 181 

8.11 Ala symbolic F matrix in non-redimdant local coordinates 182 

8.11 (Continued): Ala Symbolic F matrix in local coordinates 183 

8.11 (Continued): Ala Symbolic F matrix in local coordinates 184 

8.12 Non-redcmdant scaled force constants of Cys 185 

8.12 (Continued): Non-redundant scaled force constants of Cys . . . . ' 186 

8.12 (Continued): Non-redimdant scaled force constants of Cys 187 

8.13 Non-redimdant scaled force constants of Ser 188 

8.13 (Continued) :Non-redundant scaled force constants of Ser 189 

8.13 (Continued):Non-redundant scaled force constants of Ser 190 



List of Figures 

3.1 Flowchart of the fitting algorithm 41 

3.2 Atom numberings of a. benzene b. acetaldehyde c. benzaldehyde 42 

4.1 Internal coordinates of naphthalene 70 

4.2 Internal coordinates of anthracene 70 

4.3 Flowchart of the modified algorithm 71 

4.4 Mean amplitudes of vibration of naphthalene and anthracene A) 72 

5.1 Internal coordinates of GH 101 

5.2 Internal coordinates of GGH 101 

5.3 FIF/6-31G** optimized structures of the two conformers of GFL 102 

5.4 HF/ 6-31G** optimized structures of the eight conformers of GGH 103 

6.1 Internal coordinates of EtSH and EtOH 126 

6.2 Internal coordinates of CYSH and SERH 127 

6.3 Optimized structure of a) CYSH and b) SERH at HF/ 6-31G’^* level 128 

7.1 Internal coordmates of Gly. 151 

7.2 Structure of X-ray and optimized Gly using 6-31++G* basis set 152 

8.1 Internal coordinates of Ala 171 

8.2 Internal coordinates of Cys and Ser. 172 

8.3 Optimized structure of a) Cys and b) Ser at HF/6-31+-I-G* leveu 173 


xxvii 



Chapter 1 
Introduction 


Numerical simulations of structures and dynamics of molecules sen.'e as an invaluable 
complement to experiments due to the significant developments in new generation com- 
puters, improved programs and wide accessibility to these programs. Simulation of 
molecular force field as an important tool in the study of structure and dynamics of 
molecules rest on the hypothesis that the potential energy of a molecule or assembly of 
molecules can be reproduced by a low order Taylor series expansion in terms of internal 
coordinates. At the harmonic level the prediction of good \’ibrational spectra greatly en- 
hances its use as a structural tool in cases where other structural methods such as NMR or 
diffraction methods carmot be applied, e.g. transient species, polymers, low temperature 
matrices, adsorbed layers or for structural phenomena which are fast in the NMR time 
scale. Improved thermodynamic functions can be obtained from the vibrational spectra 
whose fundamentals are correctly identified. Another important application of accurate 
force fields is the evaluation of the vibrational averaging effects on observed molecular 
properties, e.g. geometries, dipole moments etc. There is a great deal of interest in the 
field due to the recent technical developments of molecular spectroscopy [1-9]. 

Attempts to deduce molecular force fields from spectral data alone have not been 
successful so far for molecules containing more than a few atoms [10-12]. As the number 
of atoms increase, the nrunber of force constants to be determined becomes more than the 
experimentally available frequencies and multiple solution becomes a problem. Ab initio 
calculations due to their firm theoretical basis tend to be more systematic and reliable, 
than other methods available for the development of force fields. With the advent of 
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faster computers and widely accessible programs, rapid strides have been made in the 
calculation of ab initio force fields at various levels of sophistication [13-20]. As an 
outcome, m the last decade, there has been a tremendous growth in the ab initio quantum 

mechanical calculation offeree constants for polyatomic molecules and the prediction of 
vibrational spectra [21-30]. 

Due to the recent advances in the quantum chemical methodology, an accurate de- 
scription of molecular force field is possible for small molecules by extending the atomic 
orbital basis sets and including electron correlation. Such a physical representation of a 
typically large macro molecular system of interest in structural biology is not possible due 
to the limited computational resources. As a result, the simulation of macromolecules 
such as proteins and nucleic adds and their interactions have led to a large number of em- 
pirical force fields through refinement of parameters and their transferability from small 
model systems [31-50]. Most of these currently available force fields involve the electro- 
static potential and the solvation free energy as the focus of attention. These force fields 
are perfectly adequate to the applications of molecular recognition or identification of 
closely related minima. However, these force fields largely ignore the accurate reproduc- 
bon or the vibrational frequendes [50). The acceptability of the force field is apparently 
gauged by the agreement between the calculated and experimentally observed funda- 
mental vibrational frequendes of the parent molecule and its isotopomers. Thus it seems 
ftat an accurate description of vibrational frequencies of some model compounds using 
iheoreticmly sound methodology (ab initio) can provide improved force field parame- 

em for a efier description of molecular mechanics or molecular dynamics simulation of 
biologically important macromolecules. 

and refin^^'^tb''*^ constants between structurally related molecules 

ordinate ”^1 frequencies using normal co- 

«dmate anatys. is known for long [51J. In this method the force constants are simply 

gu ssedbased on their values in related molecules and modified so as to reproduce aU d^e 

.otopic fiequendes Closely. Ab mltlo methods could give befier force 

(m r 771 theoretical basis [52,53]. However at the Hartree-Fock 

evel of ab mitio theory, finite basis set and neglect of elechon correlation result in 
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over-estimated values of force constants and frequencies. Although highly sophisticated 
methods like CCSD(T) and CASS are capable of yielding more accurate harmonic force 
constants can not be applied on a routine basis to medium sized molecules. Even when 
accurate harmonic force constants become available, for prediction of experimental fre- 
quencies we need anharmonic force constants which involve the evaluation of cubic and 
quartic force constants. 

As a reasonable solution to this problem use of both the experimental data and the 
ab initio information had been advocated. A new approach has been introduced ia 
this regard by using the ab initio Hartree-Fock calculations employing an optimal basis 
set to derive a preliminary quantum mechanical force field, whose parameters are then 
systematically scaled by fitting them to the available experimental data [11,54-66]. All 
these approaches are based on the assumption that the errors involved in the ab initio 
calculations are fairly systematic. Analysis of the calculated harmonic force constants of 
a large number of molecules using HF theory leads to the following general conclusions 
[ 10 ]. 

i) Diagonal stretching force constants are systematically overestimated by 10-15%. 

ii) Diagonal bending force constants are systematically overestimated by 20-30%, slightly 
higher than stretching. 

iii) For coupling constants the errors are less systematic, large values are reproduced 
within 10-30% and for small values an absolute error seems more appropriate, within 
0.05-0.10 mdyne/A. 

The combination of theory and experiment in evaluating the force constants was first 
attempted by Pulay and Meyer through their simple scaling scheme of 10% reduction of 
the stretchings, 20% reduction for the bendings and the interaction terms left tmchanged 
at their theoretical values [54]. Another procedure proposed by Botschwina et al. [55,56] 
and Pouchan et al. [58] involves fitting of the diagonal force constants to the experimental 
frequencies while the off-diagonal terms are taken from calculated results. Blom and 
Altona in their more detailed scaling scheme introduced separate scale factors for several 
types of distortions and also optimization of these scale factors by fitting them to the 
experimental frequencies in a least squares procedure [59]. Ha, Mayer and Gimthard 
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proposed a relatively different scaling scheme of using both unsealed force constants and 
experimental frequencies as experimental data and the best compromised force constants 
were determined as those reproducing both sets of data as closely as possible in the least 
squares sense [62], But so far, the most successful and most widely used scaling procedure 
was the scaled quantum mechanical (SQM) approach proposed by Pulay et al. [2,60]. In 
their method aU the diagonal force constants are separated into different groups according 
to their chemical type and a scale factor is assigned to each group and the geometric mean 
of the diagonal scale factors are used for the off-diagonal force constants. The scale factors 
are optimized by minimizing the weighted mean square deviation behveen the calculated 
and observed fundamental frequencies. An arithmetic mean rather than the geometric 
mean of the diagonal scale factors for the off-diagonal force constants were attempted 
by Hipps and Poshusta in their scaling scheme [61]. More recently several other simpler 
scalmg schemes were found in the literature where a fixed set of scale factors were used 
or every molecule (63,64) e.g. a scale factor of 0.9 for stretchings, 0.8 for bendings and 
their respective geometric mean for the coupling force constants was proposed by Durig 
et a . (64). In all these scaling procedures the diagonal force constants are modified by 
d^erent scale factors while the off-diagonal force constants may be left unaltered 
sea e otTO in some average manner. Since each force constant is physically distinct, 

esides, the least squares method need not converge, all the time, specially when the 

roTeruTr CodTI ^ symmetric 

the fn ^ evaluating 

comoutatio 11 ‘ ^ Ptocedure uses a 

single step by theT^ t modified in a 

. I :sr.r dC:r r 

are correct Hnwev. > a assignments 

Inth- tb . initio force constants. 

his thesis we propose a new way of scaling the ab initio force constants and show 
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its applicability in the evaluation of reliable force constants and also in the theoretical 
prediction of vibrational spectra. The aim of this work is to present the methodology 
for scaling of ab initio force constants and compare its performance with the existing 
methods. As a result, we have chosen few very well studied systems like acrolein, 
benzene, naphthalene etc. for which earlier SQM results are available. 

Secondly, a set of amino acids and a small dipeptide are chosen to show how this 
methodology can be extended to these systems to obtain a reliable theoretical force fields 
for these less symmetric molecules as an aid to determination of the force field parameters 
for molecular mechanics or molecular dynamics simulation of large biologically important 
molecules. Amino acids, being the building block of biologically active compoimds are 
of special interest in both biological and structural chemistr\'. Amino acids exist as zwit- 
terions in the condensed phase, whereas isolated molecules exhibit a neutral structure. 
While the zwitterionic structure is accessible via X-ray methods, the structure determi- 
nation of neutral form posses severe experimental problems, since amino acids usually 
decompose before melting. As a result, so far the gas phase vibrational frequencies of 
amino acids are limited to glycine only. Any fitting or scaling procedure will perform well 
only when the ab initio model can reasonably mimic the gross features of experimental 
spectra. Since the ab initio calculations are mostly performed on isolated molecules, the 
best compromise between the theory and experiment is possible with gas phase vibra- 
tional data. The presence of intermolecular forces in the solid and solution phase leads to 
shift iti the frequencies from the isolated molecular spectra. Thus, a judicial choice of the 
level of calculation or an improvement of the ab initio isolated model itself to account for 
this intermolecular effects, are very often needed to reproduce the experimental solid or 
solution phase spectra with all the isotopic shifts for amino acids [67]. Onsager reaction 
field approach of using a dielectric continuum is attempted to include the intermolecular 
H-bonding effects. A brief outline of the thesis is discussed in the next section. 

1.1 Outline of the Thesis 

The thesis has been arranged in the following manner: 

In chapter 2, a brief discussion of the theory underlying ab initio force field calculations 
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are presented. In chapter 3, The newly developed scaling procedure is described in 
detail and testing of the present methodology is discussed with the examples of benzene, 
pyndme, acrolein and benzaldehyde. Benzene is used to compare the reliability of the 

forceconstants generated by thepresentmethodology with thatofOzkabak and Goodman 

[3], In chapter 4, the studies of naphthalene and anthracene in the light of transferability 
of scale factors between structurally related molecules are discussed in detail. In chapter 
5, conformational and vibrational analysis of glycine hydrochloride and glycylglvcine 
ydrochlonde along with a theoretical prediction of the latter one from the former bv the 
transfer of scale factors are discussed. In chapter 6, results of the calculations on cysteine 
and se^e hydrochloride and a theoretical prediction of them from glycine hydrochloride 
It e anethiol and ethanol respectively are discussed. Chapter 7, deals with glycine 
zwmenon. We explicitly show in this chapter that the isolated ab initio model fails to 
mumc t e experimental spectra properly and incorporation of solvent effect can only 

i^ovethemodel. Asetofnon-redundantscalefactorsareobtalned for solvated 

expelmental s !' T 

IZ lZ TZ "T' 

ture scope of the present work is discussed in chapter 9. 
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Chapter 2 
Methodology 


The literature on ab initio calculations and normal coordinate analysis is vast and exten- 
sive. Hence this chapter does not purport to be a review of these methods. A flavour 
of the various theories and nuances underlying these methods are however presented in 
this chapter. Detailed description of these methods is given in references [1-19]. 

ft , ,=i 

^ I ' 

2.1 Ab Initio Methods 


The Hamiltoruan of a molecule consisting of N electrons and M nuclei in atomic units is - 


M 
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where is the ratio of the mass of nucleus a to the mass of an electron, is the atomic 
number of nucleus a, r.ia is the distance between electron i and nucleus a, r,j is the distance 
between electron i and electron] and I'ad is the distance between the nucleus n and nucleus 
P respectively. yh- 

Within Bom-Oppenheimer (B.O) approximation [^] one can consider that electrons 
in a molecule to be moving in the field of fixed nuclei and hence the kinetic energy of 
the nuclei can be neglected and the nuclear-nuclear repulsion can be considered to be a 
constant. Hence the Schrbdinger equation for the electronic motion is - 
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where. 
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(2.3) 


The solution to Schrodinger equation involving the electronic Hamiltonian, is the elec- 
tronic wave function, 

i'ei - i!-’ei{r,;ra) (2.4) 

which describes the motion of the electrons and explicitly depends on the electronic 
coordinates but depends parametrically on the nuclear coordinates, as does the electronic 
energy, 

E^i = Eei{ra] (2.5) 

Thus the electronic energ}^ including nuclear-nuclear repulsion for a fixed nuclei system 
must be 

(Z6) 


J>a u ' aii 

The vibration, rotation or translation of a molecule needs the solution to a nuclear 
Schrodinger equation 

^nuc0nxtc — EtotOnuc (2.7) 

where Etot is the total energ^n The nuclear Hamiltonian for the motion of the nuclei in the 
average field of the electrons can be written as 


a=i 2m„ 


( 2 . 8 ) 


Thus the total electronic energy including nuclear-nuclear repulsion constitutes a potential 
energy surface for the nuclear motion obtained by solving the electronic problem. 


2.1.1 Hartree Fock Theory 

The electronic problem is solved by considering a single Slater determinant as the groimd 
state antisymmetric wave function in terms of molecular orbital 'Tj, 

M=1 


(2.9) 
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where each molecular orbital is approximated as linear combination of finite set of basis 
functions and are the molecular orbital expansion coefficients. 

The coefficients are chosen in such a way that the calculated total energy is mini- 
mum. This leads to the well known Roothan equations [21,22]; 

N 

X] (-ui = 0, 2 — .V; i = 1. 2, ... .V (2.10) 


where N is the total number of basis functions, e, is the orbital energy of the molecular 

orbital T,, | $j,) are the overlap integrals and are the elements of the Fock 

matrix given by 


(h’t' I Act) — 1 (//.A I i/a) 

where 

is the one electron integral and 


rr Tjcore 

-- 


A = 1 <J=:1 


( 2 . 11 ) 


occ 

Pxcr = 2J2 CIC,, (2.12) 

i = l 

is the density matrix. H,e summation in equation (2.12) is over the occupied molecular 
orbitals only. Here A, represents the total electron population existing in the overlap 

region of the basis functions 4>„ and The farfnr a- a. i-u i. i x 

M u me ractor 2 indicates that two electrons occupy 

each molecular orbital and the asterisk i . 

ana me asterisk denotes complex conjugation. The electronic 

energy Eei can be expressed as 

2 -V -V 

+ h;"’) (2.13) 

ae Roothan-HaU equation 210 is nonlinear, since the Fock matrix itself depends 
on the molecular orbital coefficients. C„., through the density matrix expression 2.12. 
Soto™ of It necessarily involves an iterative procedure. Since the resulting molecular 
orbitals are derived from their orvn effective potential, the technique is frequentlv called 
Self Consistent Held (SCF) theorr-. SCF calculatior. are known to give a good ac^unt of 
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the energy hypersurface only in the region close to the equilibrium molecular geometry. 
At larger deviatiorrs from the minima, the SCF potential ctirve starts to depart considerably 
from the "experimental" curve because of the neglect of electron correlation. 

2.1.2 Electron Correlation 

The inability of the Hartree Fock (HF) procedure to adequately account for the correlation 
of electron motion can be corrected by using more elaborate models comprising a multi- 
determinant wave function. Two techniques are widely used to incorporate the effect of 
electron correlation, one the configuration interaction [23] and the other the MoUer Plesset 
perturbation theory [24]. Tire first method is variational but not size consistent but the 
second is size consistent but not variational. Variational implies that the calculated elec- 
tronic energy should correspond to an upper bound to the energy that would result from 
the exact solution of the Schrodinger equation. Size consistency means that the method 
must give additive results when applied to an assembly of isolated molecules. 

Thus the non-relativistic exact energy would be 

^ (exact) — ^(HF) "h ^{coTr elation) 

Configuration Interaction (Cl) 

Cl methods begin by noting that the exact wave function 'T cannot be expressed as a 
single determinant, as FTP theory assumes. Cl proceeds by constructing other determi- 
nants by replacing one or more occupied orbitals within the HF determinant with virtual 
orbitals. A detailed accoimt of Cl and its applications are given in reference [25]. The size 
consistency of these methods can also be improved by coupled cluster methods [25]. Full 
Cl is the most complete non-relativistic treatment of the molecular system possible, within 
the limitations imposed by the chosen basis set, though generally not computationaEy 
feasible. The rapid advancement of computer technology made it possible to consider yet 
upto one billion determinants full Cl energy calculation of Bei molecule so far [26]. 

Moller-Plesset Perturbation Theory (MP) 

Since we have only employed the second order MP theory in our calculations, we 
briefly discuss the features of the second order Moller Plesset (MP2) calculations [27]. 



16 


Perturbation theory is based upon dividing the Hamiltonian into two parts 

H = Hq + AV (2.15) 


such that Ho is soluble exactly. AV is a perturbation applied to Ho, a correction which is 
assumed to be small in. comparison to it. The assumption that V is a small perturbation to 
Ho suggests that the perturbed wave function and the energy can be expressed in a power 
series in terms of A according to the Rayleigh-Schrodinger perturbation theory [27]. 

In the MP theory Ho is defined as the sum of the one electron Pock operators. 

= (2.16) 

i 

The HP determinant and all other substituted determinants are eigenfunctions of Ho and 
we get 

Ho'^s = (2.17) 


where are the unperturbed functions representing all possible Slater determinants 
formed from n different spin orbitals. 

When denotes the ground state, its energy is simply the sum of the orbital energies 

£(0) = (0) I £ ^ I ^(0) ^ ^ ^ (2.18) 

The first order correction to the energy is given by 


£■(1) _ ^^(0) I p' I ^;(0)\^ (2.19) 

« 

Adding E'O’ and yields the HP energy (since Ho+V is the full HP Hamiltonian). 

£(0) + £(1) ^ ^^(0) I ^ I ^(0)^ ^ ^(HF) ^2.20) 

Thus the first order term does not incorporate any correction to the HP approximation. 
The second order correction to the energ}^ is given by 

£(2) ^ ^^(0) I I ^(1)^ 

where ^ is a linear combination of substituted determinantal wave functions 




( 2 . 22 ) 
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Perturbation theory gives the following expression for 

'{<bs I V I 


- E, 




^( 1 ) = ^ 
s 

The second order energy correction can be written as [27] 


E, - E(0) 


(2.23) 


(2.24) 


Thus, the value the first correction to the HF energ}?; will always be negative. The 
numerator will be nonzero only for double substitutions. Single substitutions are known 
to make this expression zero by Brillouin's theorem. 


2.1.3 Basis Sets 

Basis sets play an important role in the evaluation of the energies. A limiting HF treatment 
would involve an infinite number of basis functions. This is clearly impractical since the 
computational expense of HF molecular orbital calculation is formally proportional to the 
fourth power of the total number of basis functions. Therefore the ultimate choice of basis 
set size depends on a compromise between accuracy and cost. For computational utilities 
it is desirable to use gaussian basis functions g(r),[28] where r is the position vector (x,y, 2 ). 
Ex^llent reviews exist on basis sets [19,29-32] and their limitations. Methods to construct 
ne'^v basis sets are described in reference [19]. We discuss here briefly the salient features 
of different basis sets. 


Minimal Basis Set 

The STO-3G minimal basis set was developed by Pople and co workers for first row 
elements [33]. It was later extended to the second row [34], third row [35] and fourth 
row [36] elements. It has also been applied to first and second row transition metals 
[37]. It is characterized by its small size and effectiveness in predicting geometries [38]. 
The remarkable agreement of the STO-3G geometries to the experimental geometries is 
due to the large basis set superposition error which helps cancel other defects to produce 
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reasonable bond parameters. It can be expressed as 

3 

^ni(C 1' 'y ' dnl,lc Ql{cin^ (2.25) 

A-=l 

where the subscripts n and 1 define the specific principal and angular quantum numbers, 
gis are the normalized gaussian functions, OnS are the gaussian exponents and d^i.^.s are 
the linear expansion coefficients. The values of q are determined by minimizing the error 
in the fit of the gaussian expansion to the exact Slater orbitals. The STO-3G basis descrip- 
tion of conjugated systems and polar molecules is far from satisfactory. This is due to 
the fact that all the elements of a single row of the periodic table have the same description. 

Split Valence Basis Set 

A basis set formed by doubling or tripling all functions of the minimal representation 
IS usually termed a double-zeta or triple-zeta basis set. An even simpler extension of the 
muumal basis set is to double or triple only the number of basis functions representing 
the valence region and is known as split valence basis set. These split valence basis sets 
are a compromise between the speed obtained using a minimal basis and the accuracy 
of the larger ones. The 4-21G [38] basis is extremely suitable for geometry optimizations 
utilizmg the analytic gradients. A reduced version of the 4-21G basis set, the 3-21G basis 
set [39,40] is also used in routine calculations. The characteristics of both the basis sets are 
similar. The 4-31G and 6-31G bases are generated by increasing the number of primitives 
devoted to the core and first valence electron functions. The 4-31G [41] and 6-31G [42] 
bases improve upon 3-21G energetics at the expense of increased computer time. 

Polarization Basis Set 

Polanzation functions are needed for the description of the highly polar molecules 
md ot systems incorporating small strained rings. These systems require that some al- 
lowance be made for the possibiUty of non-uniform displacement ot charges away from 
the atomrc centers. Adding all the fiye components of a cartesian d ftmction to the first 
row eluents of b-31G basis set giyes the 6-31G* basis set. Further addition of p functions 
o the hydrogen atoms results in the 6-31G- basis set. These basis sets are first proposed 
y ar aran and Popie [43] for the first row elements and later extended to the second 



19 


row elements [44]. A larger polarization basis set, 6-311G’^* has been formulated for the 
first row elements [45]. It comprises an inner core of six s type gaussians and an outer 
(valence) region, which has been split into three parts, represented by three, one and one 
primitives, respectively. This basis set is supplemented by a single set of five / six d-type 
gaussian functions for first row atoms and a single set of uncontracted p-type gaussians 
for hydrogen. 

Diffused Basis Set 

This set of functions are needed for species with significant electron density far re- 
moved from the nuclear center. Such species involve anions for which the extra electron 
is only weakly bound and hence is needed to include in the basis representation one or 
more sets of highly diffuse functions [46]. The 3-21+G and 6-31+G* basis sets for the 
first row elements and 3-21+G, 3-21+G* and 6-31+G* basis sets for second row elements 
[47] are constructed from the underlying 3-21G, 3-21G* and 6-31G* representations by 
the addition of a single set of diffuse gaussian s and p-type functions. The higher 6- 
31++G* and 6-31++G** basis sets include an extra diffuse function to the hydrogen of the 
corresponding 6-31+G* and 6-31++G* basis sets. 

2.1.4 Reaction Field Model of Solvation 

In the vibrational analysis of amino acid zwitterions the Onsager reaction field model is 
used in this thesis. A brief outline of this method is presented here. 

Onsager Reaction Field Model 

In this model [48] the solute is placed in a cavity (usually spherical) immersed in a 
continuum medium with a dielectric constant e [49]. A dipole in the molecule will induce 
a dipole in the medium and the electric field applied to the solute by the solvent (reaction) 
dipole will in turn interact with the molecular dipole leading to a net stabilization. In the 
MO theory, the electrostatic solvent effect may be taken as an additional term Hi in the 
Hamiltonian of the isolated molecule Ho giving. 


Hrf = Hq + H\ 


(2.26) 
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The perturbation term (Hi) describes the coupling betiveen the molecular dipole operator 
{jl) and the reaction field, R 

H, = -fiR (2.27) 

The reaction (electric) field, R, is proportional to the molecular dipole moment, /I 


R = gpi (2.28) 

The proportionality constant g, which gives the strength of the reaction field depends on 
the dielectric constant of the medium e [50], and on the radius of the spherical cavity ao. 
The value of g is given by the equation 


2(g-l) 

(2e - 


(2.29) 


For the case of a self-consistent field wave function the effects of the reaction field can 
be incorporated as an additional term in the Fock matrix as 


= Fxl -gjl{(px\il\ Ocr) 


(2.30) 


where qx and are basis functions. When the solvent polarization is included, the energy 

of the system is given by 

£=(>!/ I (2.31) 

where 'T is the full wave function of the molecule. 

2.1.5 Force Constants 


The evaluation of force fields is one of the foci of this thesis. The starting point of all force 
field evaluations is the harmonic approximation. 


Harmonic Approximation 

Within the harmonic approximation, the nuclear potential V(Ri....R,w) is expressed as 
the quadratic terms in a power series expansion of the total energy E(Ri...R.\/) about the 
equilibrium position. 


3-\/ o p 

izzl 


, ,, 1 ^ d-E 

AXi + -y 

2 dx,dx, 


o A.\ , A.\ j -t* 


(2.32) 
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where Xi, Xz, . . . X^m are the cartesian coordinates of the M nuclei. The first term in the 
R. H. S of equation (2.32) is constant for all Enuci and hence can be ignored. Since E is a 
minimum at the equilibrium geometr}'- 

Hence the second term in equation (2.32) vanishes! If all terms of order higher than two 
are neglected, the potential is a quadratic function of the nuclear displacements XXi 


3M 


E (.Yi. . . . Ys.v/) = X E EijXX^XX, 

^ j=i 


where the force constants Fi j are given by 


(2.34) 


Ej = 


d-E 

dXidXj 


(2.35) 


Equation (2.34) represents the harmonic approximation. For small displacements about 
the equilibrium position, equation (2.34) is valid, but it is not accurate for large distortions. 

A transformation to mass weighted cartesian coordinates pi = (rrij)? AYi followed by 
rotation of the coordinates to coincide with the principal axes of the quadratic form in 
equation (2.34) gives an expression for V containing only squared terms. 


-I iM 

V = :rY.>~iQ^, ( 2 . 36 ) 

^ i=l 

where Qi are coordinates relative to the principal axes and hence called "normal coordi- 
nates". As a result of these transformations equation (2.34) which depends on 3M variables 
separates into 3M equations, each depending upon a single Qi. Further each of these is a 
harmonic oscillator equation with eigen value A,-. 

For non linear molecules six of the A,s corresponding to three translational and three 
rotational motions of the entire molecule are zero. These six A,s can be removed by work- 
ing in a coordinate system having the origin at the center of mass and rotating with the 
molecule. The remaining 3M-6 degrees of freedom are usually specified by internal coor- 
dinates such as bond lengths, bond angles and dihedral angles. As a result, fe'^ver force 
constants need to be evaluated and those that are evaluated have physical interpretation. 
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Though the harmonic approximation is good enough for most vibrational calculations, 
recent studies indicate that the inclusion of anharmonicity leads to a better agreement with 
the experimental frequencies. But these are limited to small molecules [51] and extension 

of the anharmonic treatment to a relatively large system of chemists' interest is yet in its 
infancy. 


Anharmonici ty 

Most of the vibrational calculations to date have used the harmonic approximation 
of equation (2.34) but with the progress in ab initio calculations, cubic and quartic force 
constants can now be evaluated. These are the third and fourth order terms dropped 
from equation (2.34). The inclusion of them in equation (2.34) allows the possibilitv of 

mcludmg anharmonicity in ab initio treatments. Perturbation theory yields the following 
formula for anharmonicity [17], 


Xrr — 




2 

rrs 


[Scv- - 


u;,s(4i. 


,2 


^ 7 ) 


(2.37) 


quation (Z37) contains the quadratic, diagonal quartic and semi diagonal cubic force 
constants. The aii are the harmonic frequencies. The evaluation of the quartic force 
cor^tant is given in reference 152J. A detailed treatment of anharmonicity and its 
mclusion m force field calculations is given in references [53-55]. 


2.2 


Transformation of Force Constants 


resplhto'fe calculated ab initio force constants are generally derived with 

pect to the cartesian coordinates. Transformation of these cartesian force constants to 
mtemal coordmates helps to interpret the results within the GF matrix formalism of 

Vibrational problem by Wilson 

lrc!r°T'‘“ dominant and the 

coupling ter^st lITf 

P S terms is lost. The force constants in internal coordinates are physically mean 

mgfuland are easy tocompare and transfer betweenshucturanyrelatedmo^^^^^^^ 
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The basic types of internal coordinates bond stretching, valence angle bending, out 
of plane bending and torsions proposed by Wilson, Decius and Cross [11] are generally 
accepted, although there are variations in handling of redundancy and symmetrv. A set of 
non-redundant internal coordinates were recommended by Pulay et al. as an alternative 
[}3]. These coordinates are local, i.e., use of local coordinates which extend over a few 
neighbouring atoms only, based on local symmetry. These non-redundant local coordinate 
facilitate the transfer of force constants from one molecule to the other. 

The main bottleneck in the conversion of the cartesian force constants to internal force 
constants is that the force field matrix in cartesian coordinates spans a 3N dimensional 
space, N being the number of atoms; while the number of non-redundant intemal coor- 
dinates is only 3N-6 (or 3N-5 for linear molecules). The transformation from cartesian to 
intemal coordinates can be described as follows The potential energy surface of a 
given state can be described both in cartesian coordinates and in intemal coordinates as 

E{x) — Eoix) + g.x Q.5.x‘^ .H.x ■ ■ • (2.38) 

E{q) = EM + f.q + O.S.qlF.q • • ■ (2.39) 

where q is the intemal coordinate vector, x is the cartesian vector, g and f are the gradients, 

H and F are the second derivative matrices in the two frameworks. Wilson's B matrix 

!f 

transforms cartesian into intemal coordinates, as q=Bx [TT] and from 2.38 and 2.39 we get 

E = (2.40) 

Since B is a rectangular matrix, to invert it, it is necessary to use the notion of a generalized 
inverse matrix. 

B-^^ = {BBM-B (2.41) 

However BB"^ could be singular so that the conversion is always not possible. The 
symmetric G is non-singular [57] and can.be inverted. If A is the inverse of B and M is the 
atomic mass diagonal matrix of order 3Nx3N then we have 

AB = E 
ABM-^B^ = EAMB^ 
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AG = M-^B^ 

.4 = M-^B^G-^ 

as given in [^8]. Translating to local symmetry, 

AiocBioc = E whereBioc = UiocB 
Postmultip lying ori both sides we have 


AlocBiocM ~ M ^B}^^ 

AlorGtoc = 


-^/oc - -1/ ^ b 1 ^ g , j ^ 


From equation 2.40, f,„ = 

Here A,„. ff,„, F,^ are the local symmetric A, G and F matrices respectively. U,„, is the 

transformation matrix which contains the description of the local symmetry coordinates 

in. t6rrris of intoniHl coorciin.a.t6s. 

The local symmetric force constants could be transformed to the symmetric force 

constants easily using 

Esym — ^orthoElocUlj.^f^^ (2.42) 

where \Jortho is the orthogonal transformation matrix. 


2.3 Computational Details 


AU ab initio calculations were done using Gaussian 90-94 [59] and GAMESS [60] suit of 

programs mstaUed onConvex-C220 HP- 9 nnn r. a , 

norm.l.n.r^- 4 , ^°°°/^35^^dDec-Alpha computer systems. The 

nom. coordmate analyses were done based on the modified version of the programs of 

c“r:o""u^^“ 

by Dr .^are d ^ modified version of the program VECEIG kindly provided 

y Dr. .^arendra Vijay and Professor D. N. Salyanarayana. 
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Chapter 3 

Interpretation and Accurate Prediction of 
Vibrational Spectra - A Modification to 
Scaled Quantum Mechanical Approach 


n accurate knowledge of molecular force fields .s essential in the prediction and interpre- 
on of vtbrafional spectra and also in molecular mechanics and dynamics calculations 

of aw a few atoms [1,21. As the number 

the experim'rr "> determined becomes more than 

P “““'r available frequencies and multiple solutions become a problem Ab 

^tro molecular orbital methods offer an attractive alternative to resolve these problems 

toll moti^ir" "r" ™ — 

like CCSD(T) and CA T 

compared wtr^P r! ^^-onic force constants 

ues [51 These method T “ttpared to the experimental val- 

of 5 30 atn T K “^dium sized molecules 

Ot S-30 atoms which are of chemisK' i-nt^roc4- c , «u moiecuies 

slants become available fn h- • * accurate harmonic force con- 

force constants which m™ we need anharmonic 

appears IhaTl^t! 7 u' So it 

level of theory and makeT ^ Fock 

procedure [6], Of the different scatag pm^d 7^7 77 

gP scaled quantum mechanical(SQM) 
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approach of Pirlay appears to be the most successful one [1]. However, SQM approach 
uses least squares procedure to optimize a small number of scale factors as a measure of 
the systematic errors in the ab initio calculation. Since each force constant is physically 
distinct, it is more realistic to think that each force constant is associated with its own scale 
factor. Besides, the least-squares method need not converge all the time, specially when 
the parameters are many and do not lead to a unique assignment [7]. In this chapter we 
give a novel numerical procedure which overcomes these difficulties. 

In the first part of the chapter a detailed description of the methodolog}" and its 
theoretical justification is presented. The advantages of the present methodolog}’ over the 
existing ones are listed. In the second part the performance of the method is demonstrated 
by using acrolein, benzene, pyridine and benzaldehyde as examples. 

3.1 Methodology 

Evaluation of force constants of a molecule involves the solution of the inverse eigenvalue 
equation GFL=Li\. where F is the force constant matrix, A the frequency matrix(A,=4-“z/i^), 
G the Wilson's G matrix and L the eigenvector matrix describing the normal modes [8]. 
Usually F is varied and A is calculated until A matches with the experimental frequencies. 
As long as we are modifying the force constants to obtain the frequencies of the molecule, 
the method would involve intuition and an element of arbitrariness depending on how 
we modify the F matrix elements. To get aroimd this difficulty we modify the frequencies 
in the proposed method, so that the force constants automatically get refined in the right 
direction to reproduce the experimental frequencies. 

The method involves the following steps: 

(1) Diagonalize G matrix: G=DrD‘ 

( 2 ) Form Wi=Dr^^2 W2=Dr-^/2 

iter=0 

(3) Start Fi; iter=iter+l 
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(4) Form Wi‘FiWi=Hi 

('5) Diagonalize Hi matrbcHi =CAi O 

Form L=WiC and normalize C such that LL'=G 

(7) Modify Ai with a smaU correction AA given by AA=: (A„p-A, ){ iter- 1) /Niter 
where Niter is the total number of iterations (we used Niter=1000); 

A2=Ai-i-AA 

(8) Form H 2 =CA 2 C' 

(9) F2=W2H2W2^ 


The F 2 elements are averaged to retain the symmetry. This means that the force constants 
which are equal in the unsealed F matrix will be made equal. For example, benzene 
m-plane F matrix contains only 26 different numbers as described in references 2 and 8. 
Replace Fi by F 2 and go to step 3. 

After going through the cycle Niter times .V„,. will be equal to A„. and we will have 
e refmed F which will reproduce the experimental frequencies. The frequencies of many 
iaotopreaUy substituted molecules could be fitted , using the fact that the F matrix is the 

same lor the different isotopomers. In each cycle Fr is calculated for each isotopic species 
and an average F 2 is used as Fi in the next cycle. 

the wie r “d 

are undated 

algorithm is given m Figure 3.1. 

Theoretical Justification 


batt™ th*rsTr“T “““ 

P m the Iteration is a small perturbation. The Wilson's GF matrix 
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equation can be written in terms of time independent Schrodinger equation [8] - 

= £ 0^0 (3.1) 

where, GFi=Ho, Li=^fo and .'\.i=Eo 

When a small perturbation (AF) is applied (since each step is a small perturbation), 
H'=GAF and the first order correction is given by 

Er = ('I'o I H' 1 'I'o) = AA = (I^ ,-'GAF(Ii) (3.2) 

Since G=LiLi^ 

AA = (Ii)-'LiI(AF(Li) = L\AFL, (3.3) 

As long as the perturbation AF is small compared to F, the perturbation theory is expected 
to give valid results. Our goal is to retain the characteristics of the ab initio force field as 
far as possible when making the correction for the systematic over-estimation of the force 
constants. So we choose AF in such a way that AA is diagonal. This means Li is an 
eigenhmction of H' also and so the ab initio characteristics are retained. Since we do 
not calculate AA from AF but calculate only AF from AA choosing AF such that AA is 
diagonal is not a problem. 

From GFiLi=Li Ai and G=LiLi^ it can be easily shown that 

Ai = L[FE (3.4) 


In each iteration AA (Ag^-p-Ai is negative for overestimated ab initio frequencies) is added 
to the previous calculated frequency to get the modified frequency. Since, A 2 =Ai+AA , 
combining 3.3 and 3.4 we get 



A2 = L{{Fr+AF)Lr' 

(3.5) 

or. 

A2 = L{F2L^ 

(3.6) 

which leads to 

F2 = {L\r^Ai{Lr)-^ 

(3.7) 

Since, Li=WiC, we get 



F2 = [iWrCy]-K\2[WiCr^ 

= (DT-^^^){CA2C^ ) {DT-^ - ‘ = (DF-^/^) H2(Dr-^/2)‘ 

(3.8) 
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from which we get, 

F, = WzHzW^ 

The justification for averaging the F 2 elements according to symmetr}* comes from the 
fact that the F matrix always should reflect the symmetry of the molecule. For e.xample 
in C6H6, all C-C stretching force constants should be equal. Because of the numeriral 
procedure of calculating Fa (F2=W2H2W20, the C-C force constants will not agree in all 
decimal places, although they are all close. To impose the symmetry' constraint, we 
average all the C-C stretching force constants so that they are equal in all decimal places. 

Since F 2 elements are averaged to retain the symmetry' and only those elements which 
give the right scale factors are updated, in the ne.xt cycle many of the new F, elements 
will be different from the corresponding F 2 elements obtained using equation 3.^. If the 
perturbation is small, this difference will be very' small reproducing the same calculated .Vj. 
Flowever, since the AF is different from that of F 2 obtained from equation 3.9, A.\=Li ' AFLi 

IS not diagonal. As a result the eigenvectors of the last cycle will get mixed up in the present 

cycle. 

Using first order perturbation theory 


El-Et 


( 3 . 10 ) 

, < I I 41 ^ > IS very small m each step as explained above. Hence only when 
IS small, the eigenvectors will get mixed. This means that when two frequencies 

as^ilT' diatributior. will get mixed up and in the worst case, the 

isolaTedr I ™1 calculation is for a non-interacting 

when the f ' are from ■imeractms crivironmcaf, 

could be of assignments 

where a certain ' 7’’“' 

To re^ttri T® -V ptoblem. 

over-eshmahL of J 7 “ methodology to obtain corrections for the 

determined force ^ °'““"®^®"'®’“^‘^‘’^'^®«sthetestcase. The experimentally 
etennmed force constants of Ozhabah and Goodman from reference (2] are used to 
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obtain the harmonic frequencies of bervzene. These calculated frequencies are used as 
'simulated experimental frequencies' and the force constants are randomly over-estimated 
by multiplying with a scale factor between 1/0.6 and 1.0. These over-estimated force 
constants are fitted to the simulated frequencies and the results are given in Table-3.1. 
As indicated in the Table, with one decimal accuracy in the harmonic frequencies the 
2x2 blocks of force constants are reproduced. When the accuracy is =:lcm~^ , the Aig 
block off-diagonal element is off by 8°/o. In 3x3 block even one decimal accuracy in 
frequencies does not reproduce OG values for Fis.io and Fig, 20 - This clearly proves that the 
true force constants could not be obtained from frequency data alone for 3x3 blocks and 
higher. However, with an error limit of zzlcn?~^ which is the accuracy for the experimental 
frequencies, the numbers are very close to the real ones and represents a reliable force field. 
It appears that if the ab initio force field is the right one except for the over-estimation, 
the present methodology produces a satisfactory set of force constants when sufficient 
number of frequencies are available. 

The choice of the munber of iterations only requires that AA is small compared to A 
so that the perturbation GAF is small. We tested with Niter=100 to Niter=1500 in steps 
of 100. It appears that after Niter=500, the results do not change significantly, at least for 
the molecules we have tested. If there are sufficient number of experimental frequencies 
as long as AA is small, the results are expected to be largely independent of Niter. When 
there are not enough experimental frequencies, for example, when only one isotopomer 
experimental frequencies are available, the final force constants are good approximations 
to the true values and different Niter values may not produce force constants which 
agree in all decimals although they will be close to each other (see the pyridine results 
described latter). However, since the present method offers a systematic procedure, the 
force constants from two structurallv related molecules fitted with same Niter could be 

j 

compared or scale factors could be transferred among them to obtain good results. Similar 
considerations apply to the lower and upper limit of the scale factors, which is based on 
the assiunption that the errors are systematic. 

If ab initio theory is a good model for the real system then the assignments are rea- 
sonable if the final potential energy distributions (PEp)s are close to that of the original 
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imscaled PEDs. If the assignment is incorrect, the fitted frequency will ver\* much off 
form the experimental frequency and the PEDs will be unacceptable. 

The Advantages of the Current Procedure are; 

(1) We get a set of scale factors which could be used to study the trend.s related to struc- 
tural variations and for predicting the frequencies of the structurally relati'd molecules. 

(2) There is an in-built check to detect the mathematical inconsistencies arising from a 

wrong assignment by giving fitted frequencies which are very different trom the experi- 
mental numbers. 

(3) The effort needed to fit the frequencies of one isotopomer is almost the same as 
fitting the frequencies of any number of isotopically substituted molecu les a nd ven^ much 
less than that of the least squares method. 

This method could be used for other inverse eigenvalue problems, for example in NMR 

spectroscopy [9], Another interesting application could be in obtaining a gi^id estimate 

for electron correlation by scaling the Fock matrix of the Hartree-Fcxrk theory. 

The normal coordinate analyses are done with a modified version of the UMAT pro- 
gram [10]. 

3.2 Results 


3.2.1 Interpretation of Vibrational Spectra 

Acrolein 


10 see J 


fitted f ' '’“'°™=“”P"'^‘^‘°*'‘^°™SQ^lcases,wecaiculatedthe 

describlT- “‘i potential energy distributions of all the molecules 

shown in T^r-lTw ^ ^ representative case, acrolein-d„ and d, are 

wju, (u ® *™its of 0.7 and 1.0. The agreement 

all the The average deviations of 

freguencres of acrolein-h, and acrolein-d, is only 2.3 cm-. Slnct the gas phase 
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experimental numbers are xosed, the agreement is so excellent and the jSnal fitted PEDs 
exactly reproduce the ab initio unsealed PEDs, as expected. In almost all the bands, our 
calculated nvunbers show an improvement over the earlier SQM results [1]. 

Benzene 

The first demonstration of benzene potential surface was due to the pioneering work 
of Wilson as early as 1934, using only six force constants [11]. After that several papers 
appeared on the generation of the force field and reliable vibrational frequency assign- 
ments for benzene [12-17]. But the real improvement in the frequency data came in 
the last decade with the introduction of new experimental techniques [18-20]. Accurate 
measurement of the inactive fundamentals in IR and Raman spectra and unambiguous 
identification of A23 and Bi^ modes in lower symmetry isotopically labelled benzenes 
had become possible due to the invention of the two-photon spectroscopy [19,20]. So 
far the most reliable and detailed analysis of benzene ground state vibrational force field 
available was that of OG [2]. On the other hand, there was a good deal of advancement 
in the theoretical force field of benzene through the analytic derivatives of the electronic 
energy at the HE and correlated level using the gradient algorithm of Pulay [21]. A reli- 
able theoretical force field was first proposed by Pulay et al. by scaling the ab initio force 
constants using their SQM methodology [22]. HE and higher correlated level ab initio 
calculations were carried out by Guo and Karplus to obtain the benzene force constants 
for planar vibrations [23]. These theoretical force fields differ in some values especially in 
the off-diagonal force constants compared to the OG force field. 

Since we start with the assumption that the ab initio force field is the right one except 
for the systematic errors, the multiple solution problem in the usual sense i.e. entirely 
different sets of force constants giving identical frequencies [24] does not arise although the 
different ways of scaling could produce different approximations to the same theoretical 
force field which are very similar to each other. After correcting the systematic errors by 
means of scaling what we get is the scaled ab initio force field. 

All the 34 different scaled ab initio force constants of benzene obtained by fitting 
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the harmonic frequencies of the four Deh isotopomers using five different basis sets (4- 
21G, 6-31G^ 6-311G**, 6-31++G** at HF level and 6-311G*-^ at MP2 level) are shown 
in Table-3.3 along with the OG force field [2] and that of Pulay et al. [22]. TabIe-3.4 
contains the corresponding scaled frequencies of benzene-do along with the calculated 
harmonic frequencies of OG. Since, the calculated frequencies are almost same in all the 
different levels of calculation, the harmonic frequencies for all the three ( C,D,„ 
and ^^0606, C6H6 frequencies appear in Table-3.4) isotopes are shown in Table-3.5 onlv 
at HF/4-21G level. The force field is obtained by fitting the respecti%-e ab initio force 
constants to the most accurate OG experimental frequencies at the experimental geometry 
of benzene. The fitted force constants presented in Table-3.3 are nearly umqut' with respect 
to different levels of calculations and obviously appear as an impn.n‘ement over the earlier 


theoretical force fields. The agreement with the experimental OG force field is very- good 
m the diagonal force constants and in many of the off-diagonal force constants. But 
the discrepancy arises (mainly in the off-diagonal constants) at those places, where the 
ab initio model itself predict entirely different values including the sign. The scaling 
procedure retains the sign of the ab initio force constants. Such a difficulty cannot be 
resolved by merely scaling the force constants. 

II IS tempting to explain the scaled force constants of benzene given in Table-3.3 in 
the foUowing way. In the one dimensional cases (A,„A 2 ,„E,,) only one frequency is 
needed and it gives a unique force constant. In 2x2 (A„.B,.,B,.,Bi„EiJ we require at 
east three observed frequencies to get a unique set of force constants (3 equations and 
un towns). In 3x3 (E, .) we need 6 frequencies to make 6 equations with 6 unknown 
orce constants. In 4x4 (E,,) we require 10 frequencies to solve for 10 force constants, nie 
sea e orce field is nearly identical in all blocks except for Ei, because sufficient number 
o are not available for exact solution in E^,. Only 9 distinct frequencies are 

vai able when 10 are required for exact solution (24). As a result the force field varies 
margmally for E,. based on the starting F matrix. But unfortunately, 'uniqueness' does 
o imp y accuracy' as shown in the methodology section. Some of the force constants are 

ZIT . ““W not be determined 

amey ate a one. For example, in the 2x2 solutions. A,, and B,„ off-diagonal 



39 


elements are different from that of OG although the OG numbers are reproduced when 
calculated frequencies from OG force constants are used as simulated experimental data 
with 3 decimal accuracy! Probably the 'uniqueness' is an 'accidental coincidence' due to 
the selection of range of scale factors for the different basis sets (see Table-3.3). 

The question whether ab initio methods can produce the true force constants, however, 
cannot be answered at this point. Extended basis set calculations including correlation 
appears to disagree in some values with the experimental force field of OG. However, in 
many of the force constants the agreement with experimental force field is quantitative after 
scaling with the present methodology. Since experimental force field is available only for 
few small symmetric molecules, the scaled ab initio values appear to offer an attractive 
alternative. 

3.2.2 Prediction of Vibrational Frequencies 

Pyridine 

Experimental vibrational spectra of pyridine in crystalline as well as matrix isolated 
form along with several deuterium substituted species are widely available in the litera- 
ture [25-32]. Transferability of benzene force constants /scale factors to predict pyridine 
fundamentals had been attempted by several authors [6,33,34]. But so far the most suc- 
ce.‘^sfal study of this kind was done by Pulay et al. where they transferred the ab irdtio 
4-21G scale factors of benzene to predict the pyridine spectra [6]. We obtained a set of 
scale factors of benzene-do and de individually and collectively at HF/4-21G level and 
used them to predict the frequencies of pyridine-do and ds from ab initio force constants. 
No experimental numbers are used in prediction. For comparison we list the predicted 
values by the SQM method in Table-3.6. Table-3.6 clearly shows that the overall fitted fre- 
quencies are in better agreement compared to the individual ones, except for the C-H and 
C-D stretching frequencies. Since the associated anharmonicity is more in these modes, 
the individual fitted scale factors when transferred can produce better correction to the 
calculated frequencies compared to the overall fitted scale factors. Our predicted frequen- 
cies are in good agreement with the earlier predicted SQM frequencies which included 
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the cubic force constants also in the analysis. 
Benzaldehyde 


As an additional test the same set of scale factore, as obtained by littmi; bcnzene-d 
mdividually to the experimental spectra, combined with scale factors ol .icotaldchvde.d„ 
at 4-21G level are used to predict the frequencies of benzaidehyde-d„ usmy .,b mitio force 
constants obtained at the same level of theory. The results are m excellent agreement with 
the experimental numbers [35] as shown in Table-3.7. The averaRe error ot the predicted 
frequencies is less than 5.9 cm->. Larger deviations are found mamlv m the .tDilil cm-' 

(C-H stretching) region, which are highly anharmonic. 

Internal coordinates of acetaldehyde and benzaldehyde, force constants of acnrlein 

e^aldehyde and scale factors of benzene and acetaldehyde are presented ,n labies-U 

to 0 . 15 . 


3.3 Conclusions 

All the results presented in this study indicate that the present methodology of fitting 

rz” TTi’ " - ““ “-'4 

an atfracf 7^- frequences offer 

ive so ution to the vibrational spectral interpretation and prediction. 
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Step 1; Convert cartesian force constants obtained from the ab initio program to force constants in 
local symmetry coordinates. We refer to this F matrix as F 

Step 2: Input: No. of isotopic species (nmol), masses (M), Wilson's B matrix (B), local U 
We used Niter = 1000 and a scale factor range of 0.7 to 1.0. 



Figure 3.1; Flowchart of the fitting algorithm 




























42 


ili 



Figure 3.2: Atom 


numberingsofa. benzene b. 


acetaldehyde c. benzaldehyde 



Table 3.1: Force constants obtained after fitting to 'simulated frequencies 
of different accuracies of four isotopomers of CoFTi 


Random scaling with factors between 1/0.6 and 1.0 


Symmetry 

blocks 

F-matrix 

elements 

A 

B 

C 

D 

Ozkabak- 

Goodman*-’ 

Ai(, 

Fi.i 

7.631 

7.599 

7.615 

7.616 

7.616 


Fi,2 

0.167 

0.169 

0.168 

0.157 

0.157 


F2JI 

5.559 

5.553 

5.556 

5.554 

5.554 

Ao,, 

Fs.s 

0.879 

0.876 

0.877 

0.877 

0.877 

Biu 

Fi2,12 

0.659 

0.656 

0.657 

0.658 

0.658 


Fi2.23 

-0.234 

-0.235 

-0.234 

-0.239 

-0.237 


Fi3.13 

5.573 

5.566 

5.570 

5.572 

5.571 

B2u 

Fi4.14 

3.944 

3.934 

3.939 

3.939 

3.939 


Fi4.15 

0.299 

0.298 

0.298 

0.298 

0.298 


Fi5.15 

0.830 

0.826 

0.828 

0.828 

0.828 

Elu 

Fi8,18 

0.929 

0.925 

0.927 

0.927 

0.926 


F18.19 

0.211 

0.208 

0.209 

0.209 

0.209 


Fi8,20 

0.161 

0.161 

0.161 

0.160 

0.151 


Fi9.19 

7.387 

7.364 

7.376 

7.381 

7.380 


F19.2O 

0.579 

0.573 

0.576 

0.584 

0.572 


F2O.2O 

5.571 

5.563 

5.567 

5.568 

5.568 


A. Frequencies rounded to nearest integer +1.0 

B. A-2.0 C. A-1.0 D. rounded to one decimal 
e. Ref. 2. 
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Ta ble 3.2: Cal culated(4-21G) ai.d E,.perimental frequencies'' of acrolem ..no ..croleuvd, 
acrolein-h 4 ’ ' — 


This 

method 


"sqm txpt. FED" 


In-Plane 

3102 

2994 

2994 

2780 

1725 

1624 

1423 

1363 

1276 

1160 

914 

564 

323 

Out-of-PIane 
998 
976 
961 
588 
158 


1003 

1002 

969 

580 

(158) 


3115 

3082 

3024 

2768 

1732 

1623 

1434 

1383 

1266 

1149 

910 

559 

314 


3102 

(3000) 

3000 

2777 

1723 

1625 

1422 

1361 

1276 

1159 

913 

564 

324 


i/CHb 

uCW 

uCO 

i'C=C+d'CH2 

^CHi+pfCH^ 

pCH^+()'CH2 

pCH''+pCH2+t'C=C 

^C-C+pCH^’+pCH, 

pCH.+uC-C 

^CCO+uC-C+SCCC 

sccc+scco 


993 

(980) 

959 

589 

158 


u.' CH 2 +U; CH''+t CH 2 
t CH 2 +U; CH^+u,' CH, 
w CH-^+u; CH2 
w CH‘'+t CH 2 
rCC 


method 


3] 02 
2994 
2994 
2058 
1707 
1622 
1402 
1059 
1276 
1152 
876 
561 
314 

997 
970 
848 
551 
151 


—— ioo r CL n; 

requencies are raken trom re f 1 b A l fmes T - — (151 ) If 


tToiein-ii 

1 

i SQXf' 

Hxpt 

31 15 

310] 

3082 

(2^188) 

3024 

2988 

2049 

2 O 0 O 

1713 

1709 

1622 

1621 

1419 

1403 

1057 

1060 

1266 

1275 

1145 

1153 

877 

877 

557 

561 

306 

313 

1003 

993 

975 

959 

869 

846 

546 

556 

(151) 

151 
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Table 3.3: Fitted ab initio harmonic force field of benzene in different basis sets in terms 
of symmetry coordinates®’* 


Symm. 

blocks 

F-elem 

ents 

A 

B 

C 

D® 

E® 

OG'^ 

4-21G 

this® SQM-^ 

Alg 

Fia 

7.610 

7.610 

7.610 

7.610 

7.610 

7.616 

7.604 

7.609 


Fi,2 

0.137 

0.137 

0.137 

0.137 

0.136 

0.157 

0.100 

0.110 


F 2.2 

5.526 

5.526 

5.526 

5.526 

5.526 

5.554 

5.185 

5.218 

A2g 

F 3.3 

0.877 

0.877 

0.877 

0.877 

0.877 

0.877 

0.864 

0.855 

Biu 

Fi2,12 

0.652 

0.652 

0.652 

0.652 

0.652 

0.658 

0.653 

0.650 


Fi2,13 

-0.160 

-0.161 

-0.162 

-0.162 

-0.164 

-0.237 

-0.156 

-0.184 


F 13 .I 3 

5.565 

5.566 

5.566 

5.566 ■ 

5.568 

5.571 

5.219 

5.154 

B 2 U 

Fr4,i4 

3.936 

3.936 

3.936 

3.936 

3.936 

3.939 

3.952 

3.917 


Fu.is 

0.297 

0.297 

0.297 

0.297 

0.297 

0.298 

0.308 

0.290 


Fis.is 

0.828 

0.828 

0.828 

0.828 

0.828 

0.828 

0.817 

0.811 

E2g 

F6.6 

0.644 

0.641 

0.642 

0.643 

0.641 

0.644 

0.647 

0.639 


F6.7 

-0.137 

-0.134 

-0.136 

-0.137 

-0.136 

-0.136 

-0.144 

-0.123 


F6,8 

0.296 

0.308 

0.305 

0.302 

0.320 

0.308 

0.306 

0.280 


F6.9 

-0.153 

-0.146 

-0.160 

-0.159 

-0.189 

-0.140 

-0.107 

-0.125 


F7J 

5.539 

5.538 

5.547 

5.546 

5.568 

5.510 

5.164 

5.156 


^7,8 

0.087 

0.101 

0.099 

0.097 

0.096 

0.054 

0.061 

0.061 


F7,9 

0.036 

0.040 

0.042 

0.040 

0.056 

-0.066 

0.025 

0.028 


F8,8 

6.615 

6.636 

6.626 

6.621 

6.648 

6.690 

6.622 

6.700 


F8,9 

-0.392 

-0.386 

-0.389 

-0.389 

-0.386 

-0.398 

-0.411 

-0.421 


F9,9 

0.902 

0.903 

0.902 

0.902 

0.902 

0.895 

0.898 

0.881 

Eiu 

Fi8,18 

0.926 

0.926 

0.926 

0.926 

0.926 

0.926 

0.916 

0.910 


Fi8,19 

0.212 

0.212 

0.212 

0.212 

0.212 

0.209 

0.221 

0.221 


Fi8,20 

0.002 

0.003 

0.004 

0.004 

0.002 

0.151 

0.003 

0.006 


Fi9.T,9 

7.362 

7.362 

7.364 

7.364 

7.361 

7.380 

7.352 

7.270 


Fi9,20 

0.226 

0.230 

0.225 

0.222 

0.232 

0.572 

0.159 

0.175 


F2O.2O 

5.524 

5.524 

5.523 

5.522 ■ 

5.525 

5.568 

5.165 

5.185 

A 2 U 

Fii,n 

0.250 

0.250 

0.250 

0.250 

0.250 

0.249 

0.249 

0.241 

B 2 g 

F 4.4 

0.202 

0.202 

0.202 

0.202 

0.202 

0.202 

0.201 

0.193 


F4,5 

0.249 

0.249 

0.249 

0.249 

0.250 

0.249 

0.248 

0.236 


F 5.5 

0.520 

0.520 

0.520 

0.520 

0.520 

0.519 

0.520 

0.505 

Eig 

Fio,io 

0.337 

0.337 

0.337 

0.337 

0.337 

0.337 

0.337 

0.330 

E 2 U 

F 16.16 

0.160 

0.160 

0.160 

0.160 

0.160 

0.160 

0.159 

0.162 


Fi6.17 

-0.168 

-0.168 

-0.168 

-0.168 

-0.168 

-0.168 

-0.166 

-0.168 


Fi7,i7 

0.419 

0.419 

0.419 

0.419 

0.419 

0.420 

0.419 

0.418 



g 0.6-1. 0 

0.7-1.1 

0.7-1.2 

0.7-1. 2 

0.6-1.55 





A. HF/4-21G; B. HF/b-SlG”^ C. HF/6-311 G*”^ D. HF / 6-311++G** E. MP2/6-311G’"’" 
a. Non-redimdant symmetry coordinates are as defined in ref 2. b.Symmetry coordinates 
for ring deformation and CH rock and 'wagg are multiplied by the respective bond lenths. 
c. Ab initio force constants are taken from ref 2. d. Ref 2. e. Experimental frequencies 
and reference geometry of Pulay et aL(ref.22) is used for comparison f. Ref 22. g. Scale 
factors range used for each basis set. 
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Table 3.4: Fitted ab initio hamtonic frequencies of benzene 



ba.sijs .sets 


A2g 

Bju 

Bou 

E2g 

Eju 


A2U 

B2g 

Eig 

E2U 


a. Ref 2, 


3184.0 
993.8 

1366.7 

3176.1 

1010.7 
1309.5 

1149.7 
3169.3 

1609.7 

1179.8 

607.4 

3177.2 

1494.9 

1039.2 

674.9 

990.7 

707.5 

847.8 
966.4 
397.7 


993.8 

1366.7 
3176.2 
1010.6 
1309.5 

1149.7 

3169.4 

1609.7 

1179.8 

607.4 
3177.3 

1494.8 
1039.2 

674.9 

990.7 

707.5 

847.8 
966.4 
397.7 


3184.1 
993.8 

1366.7 

3176.2 
1010.6 

1309.5 

1149.7 

3170.3 

1609.5 

1179.7 

607.4 

3177.2 

1494.9 

1039.3 

674.9 

990.7 

707.5 

847.8 
966.4 
397.7 



3184.1 
993.8 

1366.7 

3176.2 
1010.6 

1309.5 

1149.7 

3170.1 

1609.6 

1179.7 

607.4 

3177.1 

1494.9 
1039.3 

674.9 

990.7 

707.5 

847.8 
966.4 
397.7 


3I84.0‘ 

993.8 

1366.7 

3176.4 
1010,6 

1309.5 

1149.7 

3172.5 

1609.1 

1179.3 

607.4 

3177.4 
1494.8 

1039.2 
674.9 

990.7 

707.5 

847.8 

966.4 
397.7 


(. fekabak-' 
Ckjodman" 
73fd'r,Tr 
994.4 

1367.i1 
3l6b.3 

1014.4 

1309.4 
1149,7 

3167.5 

1609.9 

1178.2 

607.2 

3181.9 
1494.4 
1038.3 

674.0 

990.0 

707.0 

847.1 

967.0 

398.0 


ex 




3 1 ‘^1.0 
'^94.4 

1367.0 

3174.0 

1010.0 
1309.4 

1149.7 

3174.0 

1607.0 

1177.8 

607.8 

3181.0 

1494.0 
1038.3 

674.0 

990.0 

707.0 

847.1 

967.0 

398.0 
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Table 3.5: Fitted ab initio harmonic frequencies of C6Dn,C^^6H6 and C^^6D6 


Symmetry 

blocks 


CeDe 





^^C6D6 

calc 

O.G." 

expt“ 

calc 

O.G. 

expt 

calc 

expt 

Alg 

2361.8 

2366.1 

2362.0 

3172.9 

3179.8 

3167.0 

2344.0 

2343.0 


947.7 

948.6 

947.0 

958.0 

958.8 

957.4 

917.3 

918.0 

Aig 

1063.1 

1063.3 

0.0 

1355.6 

1354.1 

0.0 

1048.3 

0.0 

Biu 

2342.5 

2326.7 

2344.0 

3166.5 

3157.6 

0.0 

2326.8 

0.0 


969.4 

976.5 

970.0 

973.8 

977.1 

0.0 

936.5 

0.0 

B2U 

1286.0 

1286.3 

1286.3 

1270.3 

1269.6 

1270.1 

1236.1 

1236.3 


828.1 

827.9 

827.9 

1138.6 

1138.8 

1138.4 

827.7 

828.0 

Eig 

2335.7 

2340.7 

2332.0 

3159.9 

3157.6 

0.0 

2320.2 

0.0 


1561.3 

1559.8 

1564.0 

1556.1 

1556.0 

0.0 

1504.3 

0.0 


865.5 

863.5 

867.0 

1172.1 

1170.8 

0.0 

862.0 

0.0 


579.7 

579.1 

580.5 

585.5 

585.3 

584.2 

561.2 

561.3 

EiU 

2350.4 

2346.7 

2345.9 

3166.8 

3172.2 

3180.0 

2333.6 

2325.0 


1340.2 

1342.5 

1341.0 

1464.7 

1464.0 

1463.0 

1299.4 

1301.0 


813.9 

813.9 

814.3 

1019.2 

1018.1 

1018.4 

807.7 

808.6 

A2U 

495.5 

494.9 

496.2 

672.9 



492.8 


B 2 S 

828.4 

827.8 

829.0 

982.8 



804.4 



598.6 

598.1 

599.0 

685.1 



592.1 


Eig 

659.4 

658.9 

660.0 

840.9 



650.6 


E2U 

787.5 

788.0 

787.0 

955.5 



771.3 



345.2 

345.5 

345.0 

386.4 



338.6 



a. Ref 2. 
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Table 3.6: Predicted frequencies of pyridine*' using 4-21C ba.sj.s svt 


C5H5N 

calc. 

indiv.* overall 


SQM expt. 


CEDIN' 


3079 
3077 
3065 
3042 
3034 
1581 
1574 
1483 
1437 
1355 
1227 
1217 
1146 
1069 
1052 
1030 
991 
654 
603 


3093 
3085 
3073 
3066 
3062 
1584 
1580 
1476 
1435 
1339 
1256 
1205 
1151 
1057 
1057 
1028 
1005 
652 
596 


3108 
3098 
3086 
3080 
3074 
1585 
1578 
1480 
1436 
1345 
1246 
1207 
1153 
1058 
1058 
1029 
1005 
655 
596 


3093 
3102 
3078 
3065 
3071 
1585 
1582 
1475 
1436 
1353 
1240 
1214 
1156 
1073 
1053 
1025 
980 
654 
604 


2294 
2281 
2271 
2252 
2248 
1550 
1537 
1339 
1298 
1228 
1041 
1009 
963 
888 
835 
824 
824 
624 
581 


caic. 

indiv. ovoral! 


2295 
2284 
2’*74 
2262 
2261 
1547 
1545 
1335 
1300 
1245 
1027 
993 
968 
882 
'837 
819 
819 
623 
575 


2309" 

2295 

'3 


22 ! 


1542 

1538 

1335 

1298 

1236 

1032 

994 

969 

888 

843 

822 

821 

625 

574 


SQ.\i 

-.51 In 
2292 
228(1 
22(i7 
2262 
1 544 
1546 
1330 
1290 
1231 
1036 
1005 
954 
885 
840 
822 
819 
627 
583 


a.~^l coordinates and expen’mentall — — S8 3 

to ftttmg two isotopic molecules simultanSusiy'^"^''' 



Table 3.7: Predicted frequencies of benzaldehyde using 4-21G basis set 


Expt.“ 

Calc. % Error 

Expt. 

Calc. 

j Error 

3099 

3088 

0.3 

- 

1035 

- 

3081 

3078 

0.1 

1026 

1030 

-0.5 

3065 

3068 

0.4 

1026 

1028 

-0.2 

3043 

3058 

-0.5 

1003 

1003 

0.0 

3034 

3045 

-0.4 

996 

987 

0.9 

2806 

2834 

-1.0 

918 

939 

-2.2 

1728 

1728 

0.0 

(852) 

844 

1.0 

1614 

1609 

0.3 

825 

827 

-0.2 

1603 

1595 

0.5 

740 

738 

0.2 

(1492) 

1495 

-0.2 

688 

681 

1.0 

1460 

1461 

0.0 

649 

652 

-0.4 

1387 

1388 

-0.1 

617 

616 

0.1 

1314 

1326 

-0.9 

450 

443 

1.5 

1292 

1309 

-1.4 

437 

441 

-0.9 

1202 

1197 

0.4 

(400) 

399 

0.2 

1168 

1171 

-0.3 

224 

232 

-3.5 

(1158) 

1161 

-0.2 

217 

215 

1.0 

1074 

1080 

-0.6 

(126) 

122 

2.9 


a. experimental frequencies are taken from ref 35 and numbers 
within paranthesis are taken from liquid phase spectra 
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Table 3.9: In plane scale factors of benzene^ 
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Table 3.11: Internal coordinates of acetaldebyde 


c=o 

=ri 

c-c 

=r2 

C-Ha/d 

=r3 

e. 

=2q;1*'Q2“<^2 

$2 

=Q2’'Q;'2 

C-tI^L>ap 

=7 

C-C, or 

=r 


Table 3.12: Scale factors of acetaldehyde taken for prediction 



etc. are internal coordinates as defined in Table-3.11 


Table 3.13: Internal coordinates of benzaldehyde 


ri= 

1-3 

ai5"S20= 

/?i_6(/?=217-317) 

12= 

3-5 

a2i-a26= 

ai_6(a=213) 

r3= 

5-6 

a27= 

178 

r4= 

6-4 

a 28 = 

179 

r5= 

4-2 

a29= 

879 

r 6 = 

2-1 

^ 30 ==^ 

7C7 

1 * 7 = 

1-7 

a 3 i= 

7 H 11 

r 8 = 

3-11 

^ 32 = 

7H13 

r9= 

5-13 

^33 = 

7H14 

rio= 

6-14 

a34= 

7H12 

rii= 

4-12 

^ 35 = 

7H10 

ri 2 = 

2-10 

^ 36 “— 

7H9 

ri3= 

7-8 

a37-a42= 

ri-6 

ri4= 

7-9 

^ 43 = 

T? 
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Table 3.14: Symmetiy coordinates of benzaJdehyde 

~1 f 1.000 ^ — 

2 2 1.000 

3 3 1.000 

4 4 1.000 

5 5 1.000 

6 6 1.000 

7 7 1.000 

8 11 1.000 
9 13 1.000 


10 14 1.000 




12 10 
13 8 




14 9 

15 15 

16 16 

17 17 

18 18 

19 19 

20 20 
21 21 
22 21 

23 22 

24 27 

25 28 

26 30 

27 31 

28 32 

29 33 

30 34 

31 35 

32 36 

33 37 

34 37 

35 38 

36 43 


1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
0.408 
0.577 
0.500 
0.816 
0.707 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
0.408 
0.577 
0.500 
1.000 


22 

-0.408 

23 

22 

-0.289 

23 

23 

-0.500 

25 

28 

-0.408 

29 

29 

-0.707 



0.408 

-0.289 

0.500 

-0.408 


24 -0.408 
24 0.577 

26 -0.500 


38 

38 

39 


-0.408 39 
-0.289 39 
-0.500 41 


0.408 

-0.289 

0.500 


40 -0.406 
40 0.577 

42 -0.500 


0-408 26 -0.408 
-0.289 26 -0.289 


0.408 42 -0.408 
-0.289 42 -0.289 
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Table 3 . 15 : Non redimdanl : scaled 4 - 21 G force constants of benzaldehyde * 
1 1 6.753 


2 

1 

.624 

2 

6.773 











3 

1 

-.459 

2 

.662 

3 

6.747 









4 

1 

.435 

2 

-.449 

3 

.657 

4 

6.640 







5 

1 

-.427 

2 

.456 

3 

-.449 

4 

.665 

5 

6.908 





6 

1 

.612 

2 

-.425 

3 

.419 

4 

-.458 

5 

.521 

6 

6.694 



7 

1 

.331 

2 

-.037 

3 

-.079 

4 

-.042 

5 

-.057 

6 

.421 

7 

4.607 

8 

1 

-.019 

2 

-.020 

3 

-.003 

4 

.101 

5 

. 105 

6 

-.004 

7 

-.001 


8 

5.169 













9 

1 

-.102 

2 

.048 

3 

-.034 

4 

-.013 

5 ' 

. 034 

6 

-.069 

7 

.820 


8 

.009 

9 

11.930 











10 

1 

.042 

2 

.013 

3 

-.009 

4 

-.001 

5 

.005 

6 

.008 

7 

.077 


8 

.003 

9 

.394 

10 

4.433 









11 

1 

-.007 

2 

-.017 

3 

-.017 

4 

.001 

5 

.080 

6 

. 105 

7 

-.053 


8 

.009 

9 

.027 

10 

.001 

11 

5.218 







12 

1 

-.019 

2 

-.002 

3 

.099 

4 

.099 

5 

-.002 

6 

-.020 

7 

.002 


8 

.010 

9 

.003 

10 

.001 

11 

.002 

12 

5.155 





13 

1 

.119 

2 

.099 

3 

-.002 

4 

-.020 

5 

-.019 

6 

-.001 

7 

-.005 


8 

.001 

9 

.009 

10 

.015 

11 

.001 

12 

.004 

13 

5.095 



14 

1 

-.004 

2 

.101 

3 

.101 

4 

-.004 

5 

-.020 

6 

-.018 

7 

-.001 


8 

.003 

9 

.009 

10 

.003 

11 

.001 

12 

.010 

13 

.010 

14 

5.168 

15 

1 

.464 

2 

.056 

3 

-.052 

4 

.098 

5 

-.054 

6 

-.624 

7 

-.270 


8 

-.016 

9 

.040 

10 

-.105 

11 

.151 

13 

-.066 

14 

.016 

15 

5.511 

16 

1 

-.413 

2 

.414 

3 

.036 

4 

-.040 

5 

.049 

6 

-.024 

7 

.034 


9 

.034 

10 

-.033 

11 

-.014 

12 

.015 

14 

-.019 

15 

.004 

16 

3.608 

17 

1 

-.029 

2 

-.439 

3 

.432 

4 

.027 

5 

-.048 

6 

.052 

7 

-.018 


8 

.015 

9 

-.023 

10 

-.003 

12 

-.019 

13 

.022 

15 

-.101 

16 

.059 


17 

3.583 













18 

1 

.054 

2 

-.039 

3 

-.423 

4 

.416 

5 

.040 

6 

-.050 

7 

.005 


8 

-.018 

9 

-.006 

10 

.002 

11 

.012 

13 

-.016 

14 

.019 

15 

-.020 


16 

-.086 

17 

.056 

18 

3.589 









19 

1 

-.052 

2 

.050 

3 

-.026 

4 

-.430 

5 

.432 

6 

.023 

7 

.011 


9 

.013 

10 

.009 

11 

-.020 

12 

.019 

14 

-.015 

15 

-.073 

16 

-.007 


17 

-.085 

18 

.057 

19 

3.576 









20 

1 

.023 

2 

-.054 

3 

.049 

4 

-.025 

5 

-.401 

6 

.419 

7 

-.044 


8 

.020 

9 

.083 

10 

-.009 

12 

-.014 

13 

.019 

15 

.065 

16 

-.092 


17 

-.004 

18 

-.082 

19 

.054 

20 

3.499 







21 

7 

-.458 

8 

-.161 

9 

-.048 

10 

-.038 

11 

.166 

12 

.163 

13 

.171 


14 

-.162 

21 

4.505 











22 

1 

.231 

2 

-.619 

3 

.338 

4 

.305 

5 

- . 601 

6 

.180 

7 

-.497 


8 

.080 

9 

-.087 

10 

-.044 

11 

.099 

12 

-.160 

13 

.087 

14 

.081 


16 

-.288 

17 

.296 

19 

-.290 

20 

.328 

22 

4.390 







23 


24 


25 


26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 


Table 3.15 (Continued): Non-redundant scaled 4-21'] icr-.* 
of benzaldehyde 


1 .569 3 -.508 4 .503 6 -.541 7 .024 8 - q 

10 -.009 11 .129 13 -.144 14 .136 15 •s?! i ' ' 


18 .350 19 -.170 20 -.156 23 

1 .143 2 .051 3 -.085 4 

8 -.002 9 .453 10 -.263 11 

15 .381 16 -.021 17 -.032 18 

22 -.165 23 .227 24 3.645 

1 -.015 2 .003 3 -.007 4 

8 .005 9 -.528 10 .071 11 

15 -.289 16 -.025 17 -.001 18 

22 -.088 23 -.046 24 .204 25 

26 1.198 

26 .045 27 1.160 

26 -.072 27 .042 28 1 117 

26 -.118 27 -.081 28 .051 29 

26 -.08827 -.10328 -.07629 
26 .02027 -.07628 -.10329 

26 -.142 27 -.030 28 .022 29 

2. J.8 27 -.uoaa ,oas 2 s 


4.240 




4 ( ^ 

I , 

* li 

.021 

5 

-.008 

6 


- 


-.090 

12 

.006 

13 


3 4 

■■ 

01 

.011 

19 

- 026 

20 


»>, A 

- o.'j 

-.012 

5 

.008 

6 


7 

40 

.003 

12 

.000 

33 

022 

14 

00 

.003 

19 

.023 

20 

oo:\ 

21 

- 09 

2.207 







1.183 







.051 

30 

1.127 





0 

1 

30 

.049 

31 

i . 22 l 



.016 

30 

O 

O 

1 

31 

-.060 

32 

1.633 

-.101 

30 

.096 

31 

-.085 

32 

.086 


27 -.098 28 .004 30 
26 .045 27 .062 28 
35 1.086 

26 -.066 27 -.018 28 
33 .007 34 .042 35 


-.085 31 
--111 29 

•031 29 
-.082 36 


.016 

.049 

32 

30 

.083 34 
■ 0 S 6 31 

1 . 059 
-.092 32 

020 

.010 

.418 

30 

-.019 31 

-.013 32 

,063 


coordinates 


* Non-redundant local 


are according to Table~3.14. 
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Chapter 4 

Force Field and Assignment of the 

Vibrational Spectra of Naphthalene and 
Anthracene 



T^e vibrational spectra of polyaromatic hydrocarbons and thcr ebons r.v,.„ od ,n„ h 
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-trix isolation spectroscopy by Szczepanski et ai a n " 
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Them spectra of anthracene and 

[23]. Bekke et al. using a five oa "''^re analyzed bv Bn-v and Kydc 
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damentals of anthracene and proposed their probable assignments [20]. More recently, 
Szczepanski et al. analyzed the vibrational spectra of anthracene and its radical cation 
using matrix isolation spectroscopy [19]. On the theoretical side, a detailed calculation of 
the normal modes of anthracene and anthracene-dio was reported by Krainov using the 
complete system of induction coefficients from naphthalene [25]. A simplified valence 
force field calculation for benzene, naphthalene and anthracene was reported by Neto 
et al. [9]. Evans and Scully [26] reported a theoretical calculation for the out of plane 
vibrations of anthracene, anthracene-d 2 and anthracene-dio by transferring the benzene 
force constants. Although a number of vibrational spectral studies have been reported for 
anthracene, some of the assignments still remain uncertain and the complete force field 
is not yet available. In this chapter we report the ab initio force field of naphthalene and 
anthracene at the HF/4-21G level. We explicitly show that the benzene molecule is not 
structurally related to anthracene whereas naphthalene and anthracene are structurally 
related. Using the newly de\'eloped methodology described in chapter 3 we report a set of 
189 non-redundant local force constants which reproduces the naphthalene fundamental 
frequencies with an average error of 5.7 cm~h Tlae scale factors obtained from naphthalene 
force constants were used to obtain the complete anthracene force field which simulates 
the vibrational spectra of anthracene with remarkable accuracy'’. It is to be noted that no 
experimental data is used in the predictioii of anthracene frequencies. 


4.1 Calculations 

The ab initio force constants and frequencies of naphthalene and anthracene were calcu- 
lated using 4-21G basis set. The cartesian force constant matrices were then transformed 
to the non-redimdant local coordinate space. The non-redimdant local coordinates of 
naphthalene and anthracene are shown in Table-4.1 and Table-4.2 and in Figure 4.1 and 
Figure 4.2. The number of force constants getting adjusted due to the change in frequen- 
cies is smaller when the fitting is done in s>'mmetr}^ blocks compared to local coordinates. 
Also mixing between degenerate modes is a\'oided by fitting the frequencies in symmetry 
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coordinates. Hence the fitting is done in symmetr}' coordin.ites th»' ait* i,j 

in local coordinates. A flow chart of the modified algorithm is givoii m 1 ig’iro-i,;'; 


4.2 Results 

As pointed out by Pulay et al. [3] in their SQM studv of naphthakmo, tii,. v.Avhthi -ne 
force field is quite different from that of benzene and honte simrie fraiT,fr?' , a , 
force field would poorly reproduce the naphthalene fundamental vihralional tre-utmi 
So, our presentmethod also fails to achieve a better fit tor naphthaii>ne in •ample ’ran ter 
of benzene scale factors largely because of the absence ot inter nm: t i t { , („ipii gs 
in benzene. However, it is possible to predict the vibrational trequen, le. ot .mihrai ne 
from naphthalene as naphthalene and anthracene resemble eaih itfhm .nrn in CC ’C 
couplings. Because the prediction requires a complete .set « .t scale la. u ns. u e fitted the > 

naphthalene-d„ and -dn to the theoretuailv . ak ulated ah m ,o 
orce field. The fitting produced an excellent agreemi*nf betwinm the e.xp 1- 

mental and the calculated frequencies. The average deviation IS .5. >pi.(lcni ’inC.„ d 

4.2.1 Force Field of Naphthalene and Anthracene 
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can be considered as an improvement over the earlier force field. A representative set of 
force constants of naphthalene and anthracene is listed in Table-4.3 and the complete force 
field is given in Tables-4.9 to 4.12 from which we can draw the following conclusions. 

(1) C-H diagonal force constants of naphthalene and anthracene are almost identical ex- 
cept for a minor deviation of the anthracene central ring. Interactions involving C-H 
bonds((T bond) are small and only the first neighbours contribute significantly. 

(2) C-C force constants exhibit similar trends although the absolute values are different 
because of tt-tt interaction. The trend and the accuracy of the predicted C-C frequencies 
indicate the transferability’’ of the scale factors. The diagonal force constants are in ac- 
cordance with the Huckel - bond order [29]. Interactions involving C-C bonds(cr and tt 
bonds) are much stronger and extend over the entire ring in both systems confirming the 
earlier preliminary conclusion based on only naphthalene [30]. 

(3) Diagonal f,j;S are almost the same for the naphthalene and anthracene. CH, — d,- inter- 
actions are less than 0.01 and negligible in most cases. CC,; — J, interactions are substantial 
only for the connecting bonds. For outer rings of naphthalene and anthracene they are 
almost the same while central ring has slightly higher yalues. 

(4) Diagonal ring deformation force constants are similar for naphthalene and the outer 
rings of anthracene and somewhat higher for the central ring. 

These conclusions clearly indicate that the force field of the outer rings of anthracene is 
almost identical with that of naphthalene and the central ring differ to some extent. As a 
result the prediction is excellent for the outer ring modes of anthracene and the deviation 
is slightly more from the experimental frequencies for the central ring. 

4.2.2 Vibrational Spectra of Naphthalene 

The 48 normal modes of naphthalene in Y)ih symmetry factorize in 8 symmetry blocks as 
SBsg, 8Bi„, 8B2,;, 4Au, 4B3u, 3Biy and 4B23. The calculated fundamentals from the fitting 
procedure of naphthalene -do and -dg are given in Table-4.4 along with their assignments. 
The assignments agree well with that of Pulay et al. in almost all the modes. However 
there is a controversy regarding one of the B2u fundamentals. It could be at 1144 or 1163 
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cm-^ In the SQM method, the predicted number 115H cm > was cIomt fn I h.l . m •- We 

tried fitting both the frequencies separately. 1163 cm ' gave tht' t •( f< 'r< e i » .nstan , m 

agreement with the expected bond orders. As a result we assigned It at 

the band at 810 [9,11-12] and 748 cm~* [6] were suggested as possible alfern,iiives hn the 
(ii+d's mode. ThefittingusingSlOcm'’ produced 805 cm * as the calcuiaied mndamt ital 
while the 748 cm"^ produced 765 cm"^ as the calculated trequem v. Hus . ieariv indit tes 
that 810 cm"^ band is more likely to be the correct one and this is in agreeniem witf the 
earlier SQM assignment. 


C-H stretching vibrations: 

Due to anharmonicity and the perturbations because of I-ermi u*son,uii e tfu- 1 H in- 
damentals are difficult to assign. Howe\’er, we used the folUnvitig strafeg\' to address- he 
effect of anharmonicity on the naphthalene frequencies. We started witli tin' .issump on 
that the anharmonicity of the C-H and C-D bonds am tht‘ same for bon/ene and m ih- 
thalene because the C-H force constants are nearly hame(.5.1Hl 5 1 nd 

b.lSS-d-CioHs) and the C-H and C-D stretching frequencies appear in the same nar jw 
range of frequencies. The harmonic frequencies could be estimateil fnirn the equatioi 

a.', = U, - A, ( .1) 

where A,- represents the total anharmonic corrections to the fundamental fa’quency. al- 
lowing Goodman et al. [31] we adopted a 117cm''' anharmonic cornvtion fort' Hfur la- 
mentals and 59 cm"' for C-D ones. The second assumption we made is that the deiiten ed 
fundamentals are not perturbed by Fermi resonance because then* is no f requent v in he 
1100-1150 cm"' range whose overtone can interact with the C-D fundament.ils(22(K)-3 m 
cm"'). (However, it is possible to have a combination band of the right frequency We le- 
glect such a possibility because without further experimental data this pn?blem could lot 
be addressed). The best fitted C-D fundamentals are converted to harmonic frequen ies 
based on equation(2) and fitted to get the harmonic force constants. During the fif ng 
ail CioHg and CiqDs frequencies other than C-H stretching ones an* u.sevl. tlie compt ed 
harmonic force constants are in good agreement with the Ijenzene \ alue obtained by 
Goodman et al. [31] (5.567-C6H6, 5.459-a-CioHH and 5,486- K'lollxj. llieM* harmt tic 
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force constants are used to predict the harmonic C-H frequencies which in turn used to 
calculate the corresponding anharmonic frequencies using equation 4.1. The predicted 
anharmonic frequencies agree well with the obser^'ed fundamentals except for one of the 
Bsg modes (3031 cm~^) as shown in Table-4.5 indicating that this particular frequency 
is a likely candidate for Fermi resonance. The computed mean amplitudes of \dbration 
(Figure 4.4) are in good agreement with the reported values [32,33] indicating that the 
final force field is reliable. 


4.2.3 Vibrational Spectra of Anthracene 

Anthracene is planar with D^h symmetry and is characterized by 66 \’'ibrational degrees 
of freedom. The 45 in-plane and 21 out of plane normal vibrations span the irreducible 
representations as 12Ay+ llB3g+ llBi,,-!- llB2a+ 4big+ 6b2,;+ 5ait,+ Sbsu. The fundamental 
frequencies of anthracene are predicted separately by transferring scale factors of benzene 
and naphthalene respectively. Table-4.6 shows the predicted frequencies obtained from 
the scale factors of benzene and naphthalene along with their assignments. The table 
clearly indicates that transferring the diagonal force constants and taking their geometric 
mean for the off-diagonal elements give poor agreement compared to transferring all the 
scale factors. When the molecules are structurally related the assumption that each force 
constant is associated with its own scale factor, works well rather than the geometric 
mean of diagonal force constants for the off-diagonal elements because the characteris- 
tics of each force constant is retained. The average deviations for the 66 frequencies are 
15.0, 13.5 and 9.2 cm“^ (13.6,13.2 and 8.2 cm"^ excluding CH stretch) for the different 
predictions as shown in Table-4.6. As expected the predicted anthracene frequencies from 
naphthalene scale factors are better than those predicted from benzene even in geometric 
mean approximation. In the prediction, corrections for basis set error, correlation and 
anharmonicity were transferred through scale factors from naphthalene to anthracene. 
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4.2.4 In-plane frequencies 


C-H stretching vibrations: 

The j/C-H frequencies appear as independent modes and all the C-H stretching fun- 
damentals appear in the region i/ >3000 cm-h To address the problem of anharmonicity, 
the harmonic scale factors are transferred from naphthalene to anthracene to predict the 
harmonic frequencies. The harmonic frequencies are then corrected for anharmonicity as 
in the case of naphthalene. Hie final values are given in Table-4.5 along with the experi- 
mental numbers. The agreement is good for six frequencies indicating the other four are 
possibly perturbed by Fermi resonance. 

Ag modes: 

The frequenaes in this block is only Raman active, and the earlier assignments pro- 
posed by several authors are quite consistent and agree within the experimental error. 
One of the Rce band in the earlier assignment was doubtful, either at 1412 or 1400 cm ' 
[20], which was resolved later assigning 1412 cm-> to A„ mode and 1400 cm to B,„ 
fundamental [19], The predicted numbers 1408 cm- and 1404 cm- agree very well with 
the later assignment. The prediction is poor only in the case of 1264 cm- band with a 
dev.at.on of 21 cm-. This is clearly due to the differences bettveen the naphthalene and 
anthracene force constants for the diagonal R„R; and their interactions. 

Bsj, modes: 


In this block a weak Raman band observed by Bakke et al. [20] at 1574 cm- was 
S 1596 cm by Neto et ai. [9] and Colombo [24], Our predicted number 1596 

With naodtficauon all predicted fmquendes match well wi* the earlier assignments 

except the one at 1433 cm~\ This band shows a deviation nf -i i-u . 
beim. i ct«« -1 t 4 • 1 . deviation of 5 d cm S the predicted one 

emg at 1388 cm h It is unlikelv that the force fields nf i i 

vervdifforo-nff u- ' ^ ^^Phthalene and anthracene are 

ery different to cause this much error. It is likely that eithpr tk ■ 
or somethin a nv n assignment is incorrect 

somethmg like Fermi mteraction occurs for this mode Bakke ef:,i ,^k .jo 

band at 1 rrr.-i rom k ■ i. ^ observed a Raman 

to note that the earlier calculated values based on Nr a , ' 

1396 cm-^ [25]. 
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Biu modes: 

These IR and. Raman active bands are available from the more recent work [19]. The 
agreement with the earlier experimental numbers are within few cm~^, except for the one 
at 1346 cm-\ The earlier workers assigned this band at around 1317 cm"^ [9,20-24,28]. 
The predicted frequency at 1340 cm~^ agrees well with the recent assignment. All the 
other predicted numbers in this block agree very well with the experimental numbers. 
B 2 u modes: 

This is probably the most controversial block in the anthracene spectra. Delations of 
100-150 cm~^ could be found in the existing assignments. The Rcc band is assigned at 
different frequencies by different authors. 1695 [23], 1720 [24], 1690 [20], 1533 [9,22] and 
1524 [28] cm""^ are some of the available assignments. The most recent work [19] assigned 
it at 1542 cm~T The predicted number 1560 cm"^ confirms this assignment. The other 
controversial bands were assigned at 1460,1400,and 1318 cm~'‘ in the latest work [19]. For 
the 1460 cm"^ fundamental earlier assignments were made at 1534 [20], 1533 [23], 1680 
[24] and 1462 [9,22]. The predicted number appear at 1445 cm~^ is in agreement with 
1460 cm-\ The 1400 cm"’ band was assigned at 1494 [20], 1398 [9,22], 1495 [23], 1537 [24] 
and 1350 [28] cm~k Our predicted frequency 1404 cm~^ confirms the assignment at 1400 
cm"T Tine predicted frequency corresponding to the experimental 1318 cm“^ band [19] 
occurs at 1283 cm“^ off by 33 cm“T This band corresponds to (R 7 -i-d 5 ) which represent the 
central ring and there is no exact counterpart of this in naphthalene. Hence, the deviation 
is higher than the expected one. 


4.2.5 Out of plane frequencies 

modes: 

This class is inactive in both Raman and IR spectra of the free molecule and hence 
comparison is made with the IR active crystal bands. Only three out of five fundamentals 
were reported [20,21,27]. The highest frequency mode was assigned at 988 cm“^ [20] and 
979 cm"^ [27] . The predicted value 984 cm“^ is closer to'the first one. The other two bands 
agree between the different authors as well as with the predicted ones. For the two lower 
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frequencies the predictions are at 491 and 126 cm“^. Early work of Chantry et al. [27] 
gives the experimental frequency at 126 cm“h 
Bsu modes: 

The highest frequency in this symmetry is assigned at around 956 [2,20-24 .27] and at 920 

cm-' [28], The predicted frequency 970 cm-' supports the higher number in agreement 

with most of the literature. The next higher band is assigned at 883 cm [20] and 879 cm-' 

[19]. These are within experimental error and we took the most recent value of 879 cm-' 

for the predicted value 895 cm-'. The other three numbers are in excellent agreement 

with the most recent paper [19]. It is of interest to note that the torsional numbers > 300 

cm-' were predicted very well compared to the out of plane wag fundamentals. Again 

t IS IS a reflection of the differences in force fields between naphthalene and .mthracene 

t IS known that the ab initio method gives very low value for the torsions below 300 cm ' '. 
and 62 ^ modes: 

The earlier work of Evans and Scully [26] do not agree with that of bakke et al. [20] It 

appears thattheonly reliable valuesarethatofBakkeetal. [ 20 ] for these modes. Although 

there is overall agreement befrveen the predicted and the experimental frequencies devi- 
ahons are qufre large in three of the frmdamentals assigned at 696,773 and 580 cm-'' 

l-^An e “ ® 831 

With the prelZ ^ 


stan^anraet con- 
fer naphthalene LdTth ‘°C91 to symmetric coorciinates 


4.3 Conclusions 


The fitting procedure 
field has shown to b 0 


to obto the scale factors and frequencies from the ab inirio force 
markably successful for naphthalene producing an average devi- 
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ation of 5.7 cm ^ between the predicted and experimental frequencies. These scale factors 
when used to predict the frequencies of anthracene, the results are in excellent agreement 
with the experimental ones with an average average deviation of 8.2 rm~^ for a molecule 
of 24 atoms. From the accuracies of the computed frequencies it is clear that the method- 
ology could be used successfully for the prediction of frequencies of unknown molecules. 
The earlier assignments of naphthalene were confirmed and the anthracene assignments 
were either confirmed or reassigned. A complete set of non-redundant force constants 
are obtained for both naphthalene and anthracene. 
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t numberings arc same as dc fined in R 

Figure 4.1: Internal coordinates of naphthalene 



t numberings are same as defined in R 


Figure 4.2: Internal coordinates of anthracene 
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as recommended by ^lay rt'd “ “'’'“'we /^eM^ *" ‘°=“‘ synrmetiy coordinates 

Step 2 : Input: No. of isotopic s^es(nmol). masses(M>. Wilson’s B matrix(B), local U (U .). orthogonal U (U ^nho )* trans- 
formation matrix from local U to symmetric U. We used Niter= 1000. ^ 



Figure 4.3: Flowchart of the modified algorithm 
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0.077 

(0.076) 



Figure 4.4: Mean amplitudes of vibration of naphthalene and anthracene (A) 


Numbers are obtained from our predicted force field, 
obsen'^ed values taken from ref. 33. 


Numbers in the parentheses 


re 



Table 4 . 1 : Non-redundant local coordinates of naphthalene 


In plane 

Si-ii 

S12-19 

S20-27 

528.31 

5 29.32 

530.33 


= R(CC-stretch)(Rj) 

= r(CH-stretch)(rj) 

=2~’/^(0i-(/) 2);2"^/2((/)3-(^4);... etc. (CH-deform.)(/li) 
=6~*''^(Qfi-Q'2+a;3-04+o;5-a6)(ring deform. )(( 5 i, (54,) 
_12-V2(2(;vi-(V2-(.V3+26V4-a5-fV6)(ring deform.)(52/<55) 
=2"^/^(Q;2-Q!3+Q!5-a6)(ring deform.)((53,(56) 


Out of plane 


Si _8 =7(CH-wagg)(7i) 

S9,i2 =6~^/^(ri-r2+r3-r4+r5-r6)(ring torsion) (ri,r 4) 

510.13 =12"^/2(Ti-2r2+r3+r4-2r5+r6)(ring torsion)(r2,r5) 

511.1 4 = 2 ~*/ 2 (rrr 3 +r 4 -r 6 )(ring torsion)(r 3 ,r 6 ) 

Sis ='r3126-'7~4215(2') 

*A 11 internal coordinates are according to figure- 4 . 1 . 


Table 4 . 2 : Non-redundant local coordinates* of anthracene 


In plane 

Si -16 = R(CC-stretch)(Ri) 

Si7-26 = r(CH-stretch)(ri) 

S27-36 etc. (CH-deform.)(^i) 

837.40.43 =6“^/^(cki-cv2+o;3-04+a'5-(V6)(ring deform.)(( 5 i, (54,^7) 

838.41.44 =12"^''^(2ai-a2-o;3+2a4-Q5-(;v6)(ringdeform.)((52A/<58) 

839.42.45 =2"^/^(Q:2-a3+Q;5-Q;6)(ring deform. )((53, 56/(59) 

Out of plane 

Si -10 =7(CH-wagg)(7i) 

511. 14.17 =6"’/^(Ti-r2+r3-T4+T5-r6)(ring torsion)(ri,r4,r7) 

512.15.18 =12-^^\Ti-2T2+T3+T4-2T5+T6){nn^tOrsion){T2,T5,Ts) 

513. 16.19 =2“^/2(ri-r3+r4-r6)(ringtorsion)(r3,T6,r9) 

S20 ='r7342"T'l348(^ ) 

S21 ='ri 5610 ~'^ 9562 ('’' ) 

*A11 internal coordinates are according to figure-4.2. 
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Table 4.3: Selected scaled force constants of naphthalene and anthracei 5* 


Naphtiiaicne 


Anthiacene 


local 

force 

Trbond 

lc>rai 

UWiT 

ffbon i 

coordinates 

constants 

order 

coordinates 

constants 

ordi • 

(R,,R3,R7,Rii) 

6.076 

0.554 

(Ri,R3,Ri7,Rk,) 


0.5: ; 

(R4,R6,Rs,Rio) 

7.513 

0.725 

(R4,Rft,Rn,R!‘;} 

7.9H8 

0.7' 1 

(RrJ^y) 

6.112 

0.603 

(R<;,R!4) 

5.703 

0.5f . 

(R2) 

5.607 

0.518 

{R2,Rm) 

.5.242 

0.4F 

(Rnn) 

0.060 


(Ri,ri) 

(1.057 


(Re/ri) 

0.076 


(RfiTi) 

0.077 


(ri,ri) 

5.113 


(riTi) 

5.115 


(R-t/ra) 

0.075 


(R.nr,) 

0,070 


(Rs/fs) 

0.096 


(RnTij 

0.003 


(rs/ra) 

5.153 


(r3,rd 

5.155 





(R7,r«t) 

0 002 





(R«,rH) 

0.002 






5.085 



C-C coupling 



Ri 

R2 R3 

R4 

Rs 

R„ 

R 7 ' 

h 

Ri(nap) 

6.076 

0.586 -0.332 

0.301 

-0.438 

0.608 

0.705 

-1 169 

Ri(anth) 

5.695 

0.442 -0.241 

0.217 

-0.363 

0.529 

0.769 

-( 253 

ri(nap) 

0.060 

-0.015 -0.020 

-0.016 

0.002 

0.076 

0.(K)3 

( 004 

ri(anth) 

0.057 

-0.015 -0.019 

-0.016 

0.001 

0 077 

0.004 

i 007 

/?i(nap) 

-0.183 

0.001 0.017 

-0.019 

0.005 

0.164 

0,018 

t :x)i 

/?i(anth) 

-0.183 

0.005 0.016 

-0.017 

0.003 

0.167 

0.018 

( ;xK) 


R9 

Rio Rn 

Ri2 

Rj ( 

Rh 

Ri<» 

Ri6 

Ri(nap) 

0.073 

-0.251 0.135 






Ri(anth) 

0.025 

-0.193 0.141 

0.103 

-0.047 

0.053 

-0.051 

t) 142 

ri(nap) 

0.005 

0.013 -0.001 






ri(anth) 

0.005 

0.008 -0.002 

0.000 

0.002 

-0.002 

0.001 

101 

A (nap) 

-0.006 

0.000 -0.004 






/?i(anth) 

-0.006 

0.000 -0.003 

-0.001 

0.000 

0.000 

0.000 

0 100 

coupling 

ri(nap) 

rr 

ri rs 

r4 

r«5 

r„ 

r- 

rg 

5.113 

0.002 0.004 

0.011 

0.013 

0.001 

o.ooo 

0, 02 

ri(anth) 

5.115 

0.002 0,004 

0.011 

0.011 

0.(H)2 

0,000 

0. 00 


r9 

no 





********* 

ri(anth) 

0.000 

0.000 







stretch,bend and stretch-bend constants are in mdyn/A,mdynA/rad and md> i/rad 



75 


Table 4.4: Fitted ab initio (4-21 G) frequencies of naphthalene 


Symmetry 

blocks 

Alg 




B 


lu 


B2u 


Aiu 


present work 
do dg 

SQM'^ 

do dg 

HF/6-31G*'’ 

scaled(do) 

Experiment^ 
do dg 

FED 

3079 

2285 

3085 

2289 

3085 

3060 

2291 

rs+ri 

3053 

2253 

3056 

2257 

3056 

3031 

2257 

ri+rg 

1579 

1554 

1590 

1563 

1645 

1578 

1553 

R4+R5-f'(52 

1461 

1292 

1458 

1287 

1453 

1460 

1298 

di+dz+Rs 

1384 

1381 

1385 

1385 

1355 

1380 

1386 

R 2 +R 1 +R 4 

1166 

837 

1170 

838 

1134 

1163 

835 

d 2 +di 

1023 

861 

1023 

860 

1043 

1020 

863 

R 5 +J 1 -I-R 4 

762 

691 

757 

689 

780 

761 

692 

R|+R2+(52 

513 

494 

505 

486 

517 

514 

493 

(J 2 +Ri 

3063 

2270 

3067 

2273 

3069 

3055 

2276 

rs+ri 

3046 

2249 

3047 

2246 

3046 

(3055)^ 

2257 

ri+rg 

1632 

1602 

1644 

1617 

1673 

1624 

1605 

R4+Ri-i-di 

1455 

1355 

1458 

1359 

1461 

1458 

1353 

/32'^’Ri"^R4 

1245 

828 

1255 

ooo 

1219 

1240 

828 

l3i+Ki+Si 

1153 

1024 

1156 

1030 

1149 

1158 

1027 

d2+di+R4 

940 

882 

940 

879 

917 

939 

883 


508 

491 

512 

495 

491 

508 

491 

<^3 

3066 

2274 

3070 

2275 

3071 

3056 

2295 

ra+ri 

3050 

2252 

3049 

2249 

3047 

3029 

2278 

ri+rg 

1594 

1546 

1595 

1546 

1654 

1595 

1545 

R4+d2 

1395 

1254 

1391 

1248 

1364 

1389 

1260 

(32+th+^i 

1271 

1044 

1272 

1049 

1261 

1265 

1045 

pi+Ri+Si 

1129 

887 

1137 

882 

1130 

1125 

885 

(5i+/32+R4+jdi 

805 

740 

792 

, 737 

781 

810 

734 

Ji+^s+Ri 

358 

327 

354 

323 

364 

359 

326 

^g+Ri 

3077 

2284 

3083 

2288 

3083 

3056 

2295 

ra+ri 

3048 

2250 

3052 

2253 

3052 

3029 

2258 

ri+rg 

1509 

1446 

1515 

1446 

1539 

1509 

1445 


1354 

1294 

1341 

1288 

1321 

1361 

1290 

R4+t3i 

1208 

1090 

1204 

1081 

1165 

1209 

1089 

Ri+i32 

1154 

839 

1158 

840 

1091 

1163 

840 

dl+Rl +d2+R4 

1008 

827 

1002 

826 

988 

1008 

828 

Rs+Rt+di 

620 

593 

626 

600 

596 

619 

594 

62 

975 

816 

981 

815 

970 

970 

- 

73+''a 

837 

657 

825 

647 

824 

841 

- 

71+''' 3 

591 

501 

622 

531 

606 

581 

- 

Tl+7l 

190 

171 

188 

169 

184 

195 

- 

r2+Ti 
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Table 4.4: (Continued): Fitted frequencies of naphthalene 


Symmetry 

present work 

SQM" HF/6-3lG^“ 

Experiment" 

PIT) 

blocks 

do 

ds 

do 

ds scaled(d.i) 

do 

11 h 



962 

790 

969 

797 

977 

958 

7‘n 

' 1 ^ ■ 1 + ' I 


781 

629 

777 

627 

791 

780 

h29 



476 

401 

480 

404 

485 

476 

401 

Tv+'f j 


166 

153 

172 

159 

172 

166 

153 

f + r\ 

Bip 

954 

762 

952 

761 

968 

951 

766 


712 

538 

705 

532 

708 

717 

541 

1.1 + *?! 


392 

345 

387 

341 

397 

386 

350 

+3+7.1 

B2/ 

992 

871 

987 

857 

985 

983 

875 

"O+'-.j+fj+r 

887 

758 

879 

766 

880 

876 

761 

I 1 +I 3 


772 

635 

773 

634 

785 

772 

646 

ri+r2 


472 

417 

471 

413 

478 

470 

413 

72 + '^ i+'^T 

Ave. error 

[5.7] 

[4.0] 

incl. 

C-H 





Ave. error 

(3.61 

[2.4] 

excl. 

C-H 






a. Ref 3. 

b. Ref 2. 


c. Number in the parenthesis is not used in fitting. 
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Table 4.5; Anharmonic and harmonic frequencies and force constants 
of C-H and C-D vibrations of naphthalene and anthracene 


Naphthalene 


Symmetry 

Anharmonic 

Expt 

Harmonic 

blocks 

CioDs 

CioHs 

[3] 

CioDg 

CioHg 

Alg 

2291 

3060 

3060 

2350 

3177 


2257 

3034 

3031 

2315 

3150 

Bsg 

2276 

3046 

3055 

2334 

3162 


2257 

3031 

(3055) 

2315 

3146 

Blu 

2295 

3048 

3056 

2354 

3164 


2278 

3034 

3029 

2336 

3150 

B2u 

2295 

3058 

3056 

2354 

3175 


2258 

3030 

3029 

2316 

3145 

fc-Hc 

5.113 

— 

— 

5.459 

— 

fc-H,3 

5.153 

— 

— 

5.486 

— 


Anthracene 


Symmetry 

blocks 

Harmonic 

CuHio 

Anharmonic 

CuHio 

Expt 

[19] 

Alg 

3177 

3079 

3072 


3150 

3052 

3048 


3141 

3040 

3027 

Bsg 

3164 

•3066 

3054 


3149 

3049 

3017 

Blu 

3165 

3066 

3084 


3150 

3050 

3052 


3150 

3050 

3052 


3143 

3042 

3022 

B2u 

3176 

3079 

3067 


3148 

3051 

3021 


5.461 

5.115 


fc-H,3 

5.489 

5.155 


fc-H 

5.429 

5.085 




Table 4.6: Predicted vibrational frequencie.s of anthraci'iit* 


Symmetry 

blocks 

Benzene 

G.M“ 

Naphthalene 
G.M“ AlP 

Expt' 

n-i ) 

Alg 

-19 

-8 

-7 

3072 

r,^ri 


-15 

-4 

-4 

3048 

ri^ri 


-28 

-17 

-13 

3027 



-28 

-9 

-3 

1561 

R| 't'K 1 Iv* 


3 

-10 

-4 

1480 

fa-r >1 


-9 

6 

4 

1412 

R.-'+R.j-cK, *-R~ 


4 

-11 

-21 

1264 



-15 

-11 

-8 

1164 

1,-f q 


13 

1 

8 

1007 



1 

9 

5 

754' 

R‘^’'-+ R--« Ki 


3 

0 

-1 

625 



8 

3 

0 

397 


^3g 

"22 

-11 

-12 

3054 

r » rj 


-39 

-28 

-32 

3017 

f) t-r, 


-37 

-46 

-2 

1632 

R,, + R?+R, 


-24 

-22 

0 

1596 

Rr+R^ 


-2 

-4 

-4 

1384*' ,1433 

. 1;^ 4- J 1 + R 1 


-13 

-13 

-20 

1273 

Jn+dj 


-11 

-8 

0 

1187 

dj+dn+R| 


-1 

-6 

-1 

1098 



-13 

-20 

-13 

903 

'h 


1 

-2 

-2 

522 

'h 


10 

7 

9 

397 

h 

Blu 

7 

18 

18 

3084 

ri+r, 


-5 

6 

2 

3052 

rs+r»+r«, 


-30 

-20 

-20 

3022 



-44 

-30 

-9 

1627 

R,-»-R, 


-7 

-18 

-7 

1450 

f^+Ri + Rr 


24 

13 

6 

1346 

-f , fi( 


5 

0 

1 

1272 

h +iU + Rj 


-12 

-7 

-4 

1151 

if*- i j "f R,j 


1 

-5 

-4 

908 

a, 


7 

0 

7 

652 

-♦•R) 


5 

3 

2 

234 

-h+R; 

B2u 

-24 

-12 

-12 

3067 

r^+rj 


-40 

-29 

-30 

3021 

r,+r, 


-28 

-23 

-18 

1542 

R4^R.fR- 


10 

8 

15 

1460 

it'i^R.rR, 


-7 

13 

-4 

1400 

R;>-*- ls;1«Ri '♦'R.j 



Table 4.6: (Continued): Predicted frequencies of anthracene 


Symmetry 

Benzene 

Naphthalene 

Expri PED 


blocks 

G.M“ 

G.M“ 

AU'’ 



35 

38 

33 

1318 

Ry+.ds-t^i 


-2 

1 

0 

1167 

ds-i-Ri+ds 


38 

31 

-13 

1124 

R7+/3|4-R4 


19 

5 

5 

998 



16 

18 

13 

809 

Rx"+'R2 


6 

4 

1 

603 

<^2 

Aiu 

-11 

-6 

4 

988 

73+71 


17 

18 

3 

858 

71+73 


-6 

5 

4 

743 

7 - 1 + 7-2 


7 

-9 

0 

(491)^' 

7 - 2 + 71 + 7-1 


9 

D 

0 

126 

7 - 2 + 7-1 

Bsu 

-18 

-26 

-12 

958 

71 + 73++3 


-17 

-20 

-16 

879 

75 + 7 - 3+73 


12 

14 

5 

• 726 

71 + 73+75 


7 

8 

4 

469 

T+T H-Ts 


14 

4 

-1 

380 

7-3 


19 

19 

19 

106 

r +T +T2 

Big 

-14 

-22 

-8 

956 

71 + 73 + 7-3 


16 

20 

9 

760 

71+73 


11 

12 

8 

479 

r +r' +T 3 


22 

20 

21 

244 

Tz+r'+r 

Big 

-23 

-19 

-9 

977 

73+71 

1 

7 

0 

916 

75+73 


29 

36 

21 

852^896 

71 + 73+75 


-9 

24 

16 

773 

7-1 


6 

21 

29 

580 

7-1+71+7-2 


29 

22 

24 

287 

7-2+7-I 

Ave.error 

[15.01 

[13.5] 

[9.2] 

including CH 


Ave.error 

[13.6] 

[13.2] 

[8.2] 

excluding CH 



a. Geometric mean of the respective diagonal scale factors are taken for 
the off-diagonal scale factors. 

b. All(diagonal and off-diagonal) scale factors are taken. 


c. Ref. 19. 

d. Ref. 23. 

e. Ref. 26. 

f. Number in the parenthesis is our predicted frequency. 
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Table 4.7: Orthogonal transformation matrix of naphthalene 


1 

1 

0.5000 3 0.5000 7 

2 

2 

1.0000 

3 

4 

0.5000 6 0.5000 8 

4 

5 

0.7071 9 0.7071 

5 

12 

0.5000 13 0.5000 16 

6 

14 

0.5000 15 0.5000 17 

7 

20 

0.5000 21 -0.5000 24 

8 

22 

0.5000 23 -0.5000 25 

9 

29 

0.7071 32 0.7071 

10 

1 

0.5000 3 -0.5000 7 

11 

4 

0.5000 6 -0.5000 8 

12 

12 

0.5000 13 -0.5000 16 

13 

14 

0.5000 15 -0.5000 17 

14 

20 

0.5000 21 0.5000 24 

15 

22 

0.5000 23 0.5000 25 

16 

28 

0.7071 31 -0.7071 

17 

30 

0.7071 33 0.7071 

18 

1 

0.5000 3 0.5000 7 

19 

4 

0.5000 6 0.5000 8 

20 

5 

0.7071 9 -0.7071 

21 

12 

0.5000 13 0.5000 16 

22 

14 

0.5000 15 0.5000 17 ^ 

23 

20 

0.5000 21 -0.5000 24 

24 

22 

0.5000 23 -0.5000 25 ■ 

25 

29 

0.7071 32 -0.7071 

26 

1 

0.5000 3 -0.5000 7 

27 

4 

0.5000 6 -0.5000 8 - 

28 

12 

0.5000 13 -0.5000 16 

29 

14 

0.5000 15 -0.5000 17 - 

30 

20 

0-5000 21 0.5000 24 - 

31 

22 

0.5000 23 0.5000 25 - 

32 

28 

0.7071 31 0.7071 

33 

30 

0.7071 33 -0.7071 

Out- 

of-plane 

1 

1 

0.5000 2 -0.5000 5 

, 2 

3 

0.5000 4 -0.5000 6 - 

3 

9 

0 .7071 12 -0 . 7071 

4 

10 

0.7071 13 -0.7071 

5 

1 

0.5000 2 0.5000 5- 


0.50QO i: 

0.5000 :c 

0.5000 19 
0.5000 IP. 
-0.5 00C 
0.5000 26 


on 


n n n 


0 . 

0 . 5 
- 0 . : 


. SJ 

n 


000 


- 0 . :: u t 

0.5000 :c 
-o.5on(: 19 
o.boni, 
0.5000 
0.5000 2^ 


-0.5000 11 
-0.5000 10 

-0.5000 19 
-0.5000 18 
0.5000 27 
-0.5000 26 

0.5000 11 
-0.5000 10 
0.5000 19 
•0.5000 18 
■0.5000 27 
■0.5000 26 


0 . 5 
- ' ) . '■ 

0 . 

• n . 

f j . 1 

0 . 5 


' n 
' .) 
'0 
; (1 
' n 
.:n 


-0 . 5000 
-0 .5000 

■0 . 5000 
■0 . 5000 
•0. 5000 
0 . 5000 


0.5000 
0 . 5000 
500 0 
5000 
5000 
5000 


0.5000 

0.5000 


8 

7 


-0. 50C0 
0.5000 


0.500C 8 -0.5^0 



Table 4.7: (Continued): Orthogonal matrix of naphthalene 


6 

3 

0.5000 

4 

0.5000 

6 

-0.5000 

7 

-0.5000 

7 

11 

0.7071 

14 

-0.7071 





8 

1 

0.5000 

2 

-0 .5000 

5 

-0.5000 

8 

0.5000 

9 

3 

0.5000 

4 

-0.5000 

6 

0.5000 

7 

-0.5000 

10 

9 

0.7071 

12 

0.7071 





11 

10 

0.7071 

13 

0.7071 





12 

1 

0 . 5000 

2 

0 . 5000 

5 

0 ! 5000 

8 

0.5000 

13 

3 

0.5000 

4 

0 . 5000 

6 

0.5000 

7 

0.5000 

14 

11 

0.7071 

14 

0.7071 





15 

15 

1-0000 








Table 4.8: Orthogonal transformation matrix of anthracene 


In-plane 


1 

1 

0.5000 

3 

0 . 5000 

12 

0.5000 

16 

0.5000 

2 

2 

0.7071 

9 

0.7071 





3 

4 

0.5000 

6 

0.5000 

13 

0.5000 

15 

0.5000 

4 

5 

0.7071 

14 

0.7071 





5 

7 

0.5000 

8 

0.5000 

10 

0.5000 

11 

0.5000 

6 

17 

0.5000 

18 

0.5000 

23 

0.5000 

26 

0.5000 

7 

19 

0.5000 

20 

0.5000 

24 

0.5000 

25 

0.5000 

8 

21 

0.7071 

22 

0.7071 





9 

27 

0.5000 

28 

-0.5000 

33 

-0.5000 

36 

0.5000 

10 

29 

0.5000 

30 

-0.5000 

34 

0.5000 

35 

-0.5000 

11 

38 

0.7071 

44 

0.7071 





12 

41 

1.0000 







13 

1 

0.5000 

3 

-0.5000 

12 

-0.5000 

16 

0.5000 

14 

4 

0.5000 

6 

-0.5000 

13 

0.5000 

15 

-0.5000 

15 

7 

0.5000 

8 

-0.5000 

10 

0.5000 

11 

-0.5000 

16 

17 

0.5000 

18 

-0.5000 

23 

-0.5000 

26 

0.5000 

17 

19 

0.5000 

20 

-0.5000 

24 

0.5000 

25 

-0.5000 

18 

27 

0.5000 

28 

0.5000 

33 

0.5000 

36 

0.5000 

19 

29 

0.5000 

30 

0.5000 

34 

0.5000 

35 

0.5000 

20 

31 

0.7071 

32 

0.7071 





21 

37 

0.7071 

43 

-0.7071 





22 

39 

0.7071 

45 

0.7071 





23 

42 

1.0000 







24 

1 

0.5000 

3 

0.5000 

12 

-0 .5000 

16 

-0.5000 

25 

2 

0.7071 

9 

-0.7071 





26 

4 

0.5000 

6 

0.5000 

13 

-0 . 5000 

15 

-0.5000 
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Table 4.8: (Continued): Orthogonal matrix of anthracene 


27 

5 

0.7071 14 -0.7071 

28 

7 

0.5000 8 -0.5000 

29 

17 

0.5000 18 0.5000 

30 

19 

0.5000 20 0.5000 

31 

27 

0.5000 28 -0.5000 

32 

29 

0.5000 30 -0.5000 

33 

31 

0.7071 32 -0.7071 

34 

38 

0.7071 44 -0.7071 

35 

1 

0.5000 3 -0.5000 

36 

4 

0.5000 6 -0.5000 

37 

7 

0.5000 8 0.5000 

38 

17 

0.5000 18 -0.5000 

39 

19 

0.5000 20 -0.5000 

40 

21 

0.7071 22 -0.7071 

41 

27 

0.5000 28 0.5000 

42 

29 

0.5000 30 0.5000 

43 

37 

0.7071 43 0.7071 

44 

39 

0.7071 45 -0.7071 

45 

40 

1.0000 

Out- 

of-plane 

1 

1 

0.5000 2 -0.5000 

2 

3 

0.5000 4 -0.5000 

3 

5 

0.7071 6 -0.7071 

4 

11 

0.7071 17 -0.7071 

5 

12 

0.7071 18 -0.7071 

6 

14 

1.0000 

7 

1 

0.5000 2 0.5000 

8 

3 

0.5000 4 0.5000 

9 

13 

0.7071 19 -07071 


-0.5000 11 
-0.5000 26 
-0.5000 25 
0.5000 36 
-0.5000 35 


0.5000 16 
-0.5000 IS 
-0.5000 11 
0.5000 26 
-0.5000 25 

-0.5000 36 
■0.5000 35 


0 

. 5 0 n n 

-0 

. 5000 

-0 

. 5000 

-0 

. 5000 

0 , 

. 5000 

-0. 

5 0 00 

n . 

50 no 

-0 . 

50 00 

-0 . 

soon 

0 . 

5000 


•0.5000 
•0 . 5000 


0.5000 10 
■0.5000 9 


-0.5000 

0.5000 


10 20 0.7071 21 

11 1 0.5000 2 

1^ 3 0.5000 4 

11 11 0.7071 17 

11 12 0.7071 18 

15 15 1.0000 

16 1 0.5000 2 

l"^ 3 0.5000 4 

IS 5 0.7071 6 

19 13 0.7071 19 

20 16 1.0000 

21 20 0 .7071 21 


-0.7071 
-0.5000 
-0 .5000 
0.7071 
0.7071 

0.5000 

0.5000 

0.7071 

0.7071 

0.7071 


7 

8 


7 

8 


■0.5000 10 
■0.5000 9 


■0.5000 10 
0.5000 9 


0.5000 10 
0.5000 9 


•0.5000 

•O.SOOO 


0.5000 

•0.5000 


0.5000 

0.5000 
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Table 4.9: Naphthalene in plane symbolic F matrix in non-redundann 
local coordinates 

1 

2 3 

4 2 1 

5 6 7 8 


9 

10 

9 

11 

12 
















7 

6 

5 

13 

11 

8 















14 

2 

15 

16 

17 

18 

1 














18 

6 

16 

19 

20 

21 

7 

8 













17 

10 

17 

20 

22 

20 

9 

11 

12 












16 

6 

18 

21 

20 

19 

5 

13 

11 

8 











15 

2 

14 

18 

17 

16 

4 

5 

9 

7 

1 










23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 









25 

24 

23 

28 

27 

26 

33 

32 

31 

30 

29 

35 

34 








36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 







38 

37 

36 

41 

40 

39 

46 

45 

44 

43 

42 

48 

47 

50 

49 






29 

24 

33 

32 

31 

30 

23 

28 

27 

26 

25 

51 

52 

53 

54 

34 





46 

37 

42 

43 

44 

45 

38 

39 

40 

41 

36 

54 

53 

55 

56 

48 

49 




42 

37 

46 

45 

44 

43 

36 

41 

40 

39 

38 

53 

54 

56 

55 

47 

50 

49 



33 

24 

29 

30 

31 

32 

25 

26 

27 

28 

23 

52 

51 

54 

53 

35 

47 

48 

34 


57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 

~4 

75 

76 

-59 

-58 

-57 

-62 

-61 

-60 

-67 

-66 

-65 

-64 

-63 

-69 

-68 

-71 

-70 

-75 

-74 

-~3 

-72 

77 

76 




















78 

79 

80 

81 

82 

83 

84 

85 

86 

87 

88 

89 

90 

91 

92 

93 

94 

95 

96 

97 

98 

99 



















-80 

-79 

-78 

-83 

-82 

-81 

-88 

-87 

-86 

-85 

-84 

-90 

-89 

-92 

-91 

-96 

-95 

-94 

-93 

98 

97 

100 

99 


















-63 

-58 

-67 

-66 

-65 

-64 

-57 

-62 

-61 

-60 

-59 

-72 

-75 

-74 

-73 

-68 

-71 

-70 

-69 

101 

102 

103 

104 

76 

















88 

79 

84 

85 

86 

87 

80 

81 

82 

83 

78 

96 

93 

94 

95 

90 

91 

92 

89 

104 

103 

105 

106 

98 

99 
















-84 

-79 

-88 

-87 

-86 

-85 

-78 

-83 

-82 

-81 

-80 

-93 

-96 

-95 

-94 

-89 

-92 

-91 

-90 

103 

104 

106 

105 

97 

100 

99 















67 

58 

63 

64 

65 

66 

59 

60 

61 

62 

57 

75 

72 

73 

74 

69 

70 


68 

102 

101 

104 

103 

77 

97 

98 

76 














107 

0- 

-107 

108 

0- 

-108 

109 

110 

0- 

-110- 

-109 

111- 

-111 

112- 

-112 

113 

114- 

-114- 

-113 

115 

115 

116 

116 

117 

118 

118 

117 

119 













120 

121 

120 

122 

123 

122 

124 

125 

126 

125 

124 

127 

127 

128 

128 

129 

130 

130 

129 

131 

-131 

132- 

-132 

133 

134- 

-134- 

-133 

0 

135 
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Table 4.9.- (Continued).- naphthalene in plane sjunbolic F matrix in loo 

rnn'rHi “ iOL- 


136 0-136 137 0-137 138 139 
144 145 145 146 147 147 146 148 
109 0-109-110 0 110 107-108 

-117-118-118-115-116-116-115 150 

124 121 124 125 126 125 120 122 
133 134-134-131 132-132 131 0 

-138 0 138 139 0-139-136 137 

146 147 147 144 145 145 144-151 


0-139-138 140-140 141-141 142 
0 149 

0 108-107 113-113-114 114 li: 
0 151 119 

123 122 120 129 129 130 130 127 
152 0 0 135 

0-137 136-142 142 143-143-140 
0 153-148 0 149 


143-143-; 
-112 U2-] 
128 128 1 
141-141 1 


Fitted in plane force constants of naphthalene 


6-076 0.586 5.607 

0.647 6.112 -0.362 

0-150 0.242 0.060 

0-005 0.013 -0.001 

-0.003 0.000 0.000 

0-013 0.002 0.000 

0.005 0.164 0.018 

-0.006 -0.010 0.000 

0.178 -0.159 -0.008 

0.005 0.004 0.001 

-0.003 0.003 0.001 

-0.094 -0.088 -0.006 

-0.112 0.071 -0.426 

0.003 0.061 -0.009 

-0.072 0.008 -0.005 

-0-291 0.247 -0.303 


-0.332 0.301 -0.226 

0-705 0.135 -0.251 

-0.015 -0.020 -0.016 

5-113 0.002 -0.027 

-0.003 0.001 0.005 

0-001 0.000 0.001 
0.001 -0.006 0.000 
0.000 -0.002 0.503 
-0.001 -0.001 -0.004 
0.000 0.001 0.000 
0.000 0.000 -0.001 
0.005 -0.001 -0.002 

0-147 -0.032 -0.154 

0-005 1.332 0.080 

-0.071 0.052 -0.008 


0.608 7.513 -0.438 

0.073 -0.169 0.139 

0.002 0.076 0.003 

-0.024 -0.006 0.075 

0-004 O.Oll 5.153 

-0.183 0.001 0.017 

-0.004 0.003 0.000 

-0.001 0.021 -0.011 
0.003 0,005 -0.006 

-0 .009 0 . 008 0 . 506 

0.124 -0.035 0.286 

0.008 0.011 1.426 
-0.094 0.044 -0.014 

0.308 -0.221 -0.055 

-0.010 -0.188 1.358 


0 

- 0 , 

0 . 

0 . 

0 . 

- 0 . 

0 . 


0 . 

- 0 .- 


o.i 

o.< 


0 .: 

o.c 

0 .( 

O.c 


* The non-redundant local coordinatee 


are as given in Table-4 . 1 . 


L 


12 144 
1-117 
7-133 
3 146 


.75 

08 

04 
96 
11 
19 
06 
08 
38 
)7 
'2 
!7 
i7 

5 
7 
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Table 4.10; Naphthalene out of plame symbolic F matrix in non-redundant 
local coordinates 

1 

2 1 
3 4 5 


4 

3 

6 

5 











7 

8 

9 

10 

1 










10 

9 

11 

12 

4 

5 









9 

10 

12 

11 

3 

6 

5 








8 

7 

10 

9 

2 

3 

4 

1 







13 

-13 

14 

-14 

15 

16 

-16 

-15 

17 






18 

-18 

19 

-19 

20 

21 

-21 

-20 

22 

23 





24 

24 

25 

25 

26 

27 

27 

26 

0 

0 

28 




-15 

15 

16 

-16 

-13 

14 

-14 

13 

29 

30 

0 

17 



-20 

20 

21 

-21 

-18 

19 

-19 

18 

30 

31 

0 

22 

23 


26 

26 

27 

27 

24 

25 

25 

24 

0 

0 

32 

0 

0 

28 

33 

33 

34 

34 

33 

34 

34 

33 

0 

0 

35 

0 

0 

35 


Fitted out of plane force constants of naphthalene. 


0.315 

-0.025 

-0 . 023 

0.030 

0.320 

0.010 

0.006 

-0.011 

-0 . 004 

0.007 

-0.001 

0.005 

-0 . 022 

-0.032 

-0.014 

-0.012 

0.328 

0.029 

-0 . 039 

0.020 

0.013 

0.010 

0.310 

-0.039 

-0.014 

0.008 

0.001 

0.312 

-0.043 

0.048 

-0.056 

-0.018 

0.012 

0.034 

-0.062 

0.347 






+ The non-redundant local coordinates are as given in Table-4.1.. 
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Table 


1 

2 

4 

5 
9 


4.11; Anthracene in plane symbolic F matrix in non-redundant 
local coordinates 


3 

2 

6 

10 


1 

7 

9 


8 

11 12 


7 6 5 13 

14 15 16 17 

1 11 

18 

8 

19 

20 


21 22 23 24 

25 

26 

27 

20 

28 29 28 30 

31 

30 

22 

15 

23 22 21 26 

25 

24 

32 

33 

16 15 14 19 

18 

17 

33 

32 

34 28 35 36 

37 

38 

21 

14 

38 30 36 39 

40 

41 

26 

19 

37 31 37 40 

42 

40 

25 

18 

36 30 38 41 

40 

39 

24 

17 

35 28 34 38 

37 

36 

23 

16 

43 44 45 46 

47 

48 

49 

50 

45 44 43 48 

47 

46 

53 

52 

61 62 63 64 

65 

66 

67 

68 

63 62 61 66 

65 

64 

71 

70 

81 82 83 84 

85 

86 

87 

87 

93 

83 82 81 86 

85 

84 

88 

88 

94 93 

54 51 58 57 

56 

55 

50 

49 

89 90 59 

76 69 72 73 

74 

75 

70 

71 

92 91 78 79 

72 69 76 75 

91 92 77 80 

74 

79 

73 

68 

67 

58 51 54 55 56 57 j 

90 89 60 77 78 59 

52 1 

53 ■ 


2 

6 

10 

6 

2 


20 



27 

20 


16 

23 

1 

17 

24 

7 

18 

25 

9 

19 

26 

S 

14 

21 

4 

52 

S3 

54 

50 

49 

58 

70 

71 

72 

68 

67 

76 

88 

88 

81 

87 

87 

83 

S3 

52 

43 

67 

68 

63 

71 

70 

61 

49 

50 

45 


11 

i t% 

* 







13 

11 

8 






5 

9 

7 

1 





55 

56 

57 

58 

59 




57 

56 

55 

54 

60 

59 



73 

74 

75 

76 

77 

78 

79 


75 

74 

73 

72 

78 

77 

30 

79 

86 

85 

84 

83 

89 

90 

91 

92 

84 

85 

86 

81 

90 

89 

J2 

91 

48 

47 

46 

45 

95 

96 

17 

98 

64 

65 

66 

61 

98 

97 

9 

100 

66 

65 

64 

63 

97 

98 1 

0 

99 

46 

47 

48 

43 

96 

95 

B 

97 


121 122 123 124 125 126 127 116 117 118 1 

-122-121-126-125-12^123 18-117-1: 

_149_i50° l1l' 1 I 2 III 154 1 I 5 III III 1^2 143 144 145 146 L 

-150-149-154-153-152-151 156 


5 120 


hll9 


' 148 


-147 
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Table 4.11: (Continued): Anthracene in plane symbolic F matrix in local 

coordinates 

159 160 161 162 163 164 165-165-160 166-166-159-164-163-162-161 167 168 169 170 
0 0-167-170-169-168 171 172 173 174 175 

-161-160-159-164-163-162 166-166 160 165-165 161 162 163 164 159-168-167-170-169 
0 0 168 169 170 167 172 171 174 173 176 175 

-112-109-116-115-114-113-108-107-102-111-110-101-106-105-104-103-123-126-125-124 
-121-122-117-120-119-118 177 178 179 180 171 172 127 
144 137 140 141 142 143 138 139 130 135 136 131 132 133 134 129 154 151 152 153 

150 149 146 147 148 145 180 179 181 182 174 173 156 157 

-140-137-144-143-142-141-136-135-130-139-138-129-134-133-132-131-151-154-153-152 
-149-150-145-148-147-146 179 180 182 181 173 174 155 158 157 
116 109 112 113 114 115 110 111 102 107 108 103 104 105 106 101 126 123 124 125 

122 121 118 119 120 117 178 177 180 179 172 171 128 155 156 127 

183 0-183 184 0-184 185 186 0-186-185 187 188 0-188-187 189-189 190-190 

191-191 192 193-193-192 194 194 195 195 196 196 197 198 198 197 199 

200 201 200 202 203 202 204 205 206 205 204 207 208 209 208 207 210 210 211 211 

212 212 213 214 214 213 215-215 216-216 217-217 218 219-219-218 0 220 

221 0-221 222 0-222 223 224 0-224-223 225 226 0-226-225 227-227 228-228 

229-229 230 231-231-230 232 232 233 233 234 234 235 236 236 235 237 0 238 

239 0-239 240 0-240 241 241 0-241-241 239-240 0 240-239 242-242 243-243 

244-244 242-243 243-242 245 245 246 246 0 0-245-246-246-245 247 0 248 249 

250 251 250 252 253 252 254 254 251 254 254 250 252 253 252 250 255 255 256 256 

257 257 255 256 256 255 258-258 259-259 0 0-258 259-259 258 0 260 0 0 

261 

262 0-262 263 0-263 264-264 0 264-264-262 263 0-263 262 265-265 266-266 

0 0-265 266-266 265 267 267 268 268 269 269 267 268 268 267 270 0 271 0 

0 272 

187 0-187-188 0 188 186 185 0-185-186 183-184 0 184-183 192-192-193 193 

191-191 189-190 190-189-197-197-198-198-196-196-194-195-195-194 273 0 274 247 

0-270 199 

207 206 207 208 209 208 205 204 201 204 205 200 202 203 202 200 213 213 214 214 

212 212 210 211 211 210-218 218 219-219-217 217-215 216-216 215 0 275 0 0 

260 0 0 220 

-225 0 225 226 0-226-224-223 0 223 224-221 222 0-222 221-230 230 231-231 

-229 229-227 228-228 227 235 235 236 236 234 234 232 233 233 232-274 0 276-248 

0 271-237 0 238 
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Table 4.11; (Continued); Anthracene in plane symbolic F matrix in io al 

coordinates 

Scaled in plane force constants of anthracene 


0.529 7.988 


5 

.695 

0 

.442 

0 

.579 

5 

.703 

-0 

.253 

-0 

.432 

0 

.167 

0 

.279 

0 

.039 

0 

.069 

0 

.005 

0 

.008 

-0 

.026 

-0 

.024 

0 . 

.005 

0 , 

.000 

0 . 

.000 

- 0 . 

,011 

0 . 

000 

0 . 

o 

o 

- 0 . 

183 

0 . 

005 

- 0 . 

003 

- 0 . 

001 

- 0 . 

010 

- 0 . 

003 

0 . 

007 

0 . 

181 

0 . 

001 

- 0 . 

001 

0 . 

000 

0 . 

000 


0.004 - 0.001 

- 0.004 0.004 

0.000 0.000 
- 0.006 0.000 
- 0.090 0.066 

0.045 - 0.011 

0.058 0.285 

0.000 - 0.070 
0.147 - 0.005 

- 0.235 - 0.036 

1.468 0.222 

- 0.308 1.527 


5 

:.242 

-0 

'.241 

-0 

.291 

0 

.769 

-0 

.193 

0 

.144 

-0 

.394 

0 

.103 

0 

.057 

-0 

.015 

-0 

.002 

0 

.000 

-0 

.007 

0 

.076 

0 

.001 

-0 

.001 

- 0 . 

.001 

0 , 

.009 

5 . 

,085 

0 . 

,003 

0 . 

016 

- 0 . 

017 

0 . 

000 

0 . 

000 

0 . 

000 

0 . 

000 

- 0 . 

159 

- 0 . 

008 

0 . 

001 

0 . 

000 

0 . 

000 

0 . 

000 

0 . 

004 

- 0 . 

001 


0.001 0.000 
0.132 - 0.035 
0.001 0.000 
- 0.422 0.148 

0.002 0.002 
- 0 . 223 - 0 . 057 

0.051 - 0.008 

- 0.005 - 0.101 

- 0.154 0.231 

- 0.056 - 0.109 

0.016 - 0.012 


0.217 - 0.126 

0.728 0.141 

- 0.125 0.157 

0.042 - 0.051 

- 0.019 - 0.016 

0.002 - 0.002 
0.093 - 0.002 

0.001 0.000 
0.007 0.004 

0.000 0.000 
0.003 0.167 

0.000 0 . 000 
0.000 0,000 
- 0 .002 0 . 000 
- 0.006 - 0.009 
- 0.009 0.008 

0.209 0.016 

0.511 - 0.001 

0.294 0.096 

- 0 .002 0 . 009 
- 0.031 - 0.176 
0.003 0.061 

- 0.005 0.002 

- 0.001 - 0.001 
- 0.008 - 0.012 
- 0.013 0.007 

- 0 . 009 - 0 . 004 
0.011 0.005 


-0.263 

0 . 098 

0.785 

0 025 

0.053 

-0,047 

0.001 

0 07- 

0.001 

-0 00 3 

0.000 

0,000 

0.004 

0.03 2 

0.092 

-0,017 

0.000 

0,000 

0.018 

0.000 

0.005 

0.000 

0.502 

- 0.001 

- 0.003 

0.004 

0.008 

0,004 

0.506 

0.007 

0.010 

0.003 

0.000 

0.000 

0.008 

0.004 

- 0.001 

0.001 

0.004 

0.003 

- 0.006 

0.001 

0.004 

- 0.072 

- 0.192 

1.327 

0.324 

- 0.282 

- 0.148 

0,010 

- 0.008 ■ 

“ 0.010 


“0 , .363 


3.067 

“0 2 94 


(.019 

4 ;C5 


3.062 

0 . 046 

■ 

3.048 

0 , 0C4 


).007 

.5.325 


>.002 

-0.003 


'.001 

h 2SS 


'.Oil 

0.021 


.002 

0,000 


.000 

" 0.006 


.000 

0,006 

- 

.006 

0.019 

- 

.010 

o.oos 

_ 

.001 

0.001 


.001 

- 0.014 

-1 

.001 

0.000 

i 

,000 

0.000 

< 

000 

- 0,093 

-( 

087 

1.429 

( 

287 

- 0.009 

-C 

093 

0.001 

1 

316 

0,008 

-c 

001 

0.290 

-0 

069 

1 .583 

0 

154 

0,006 

0 

250 

- 0.077 

0 

294 


* Non-redundant local 


coordinates 


are as given in Table-4.2. 
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Table 4:12: Anthracene out of plane symbolic F matrix in non-redundant 
local coordinates 

1 

2 1 

3 4 5 

4 3 6 5 


7 

8 

9 

10 

11 
















8 

7 

10 

9 

12 

11 















13 

14 

15 

16 

7 

8 

1 














16 

15 

17 

18 

10 

9 

4 

5 













15 

16 

18 

17 

9 

10 

3 

6 

5 












14 

13 

16 

15 

8 

7 

2 

3 

4 

1 











19 

-19 

20 

-20 

21 

-21 

22 

23 

-23 

-22 

24 










25 

-25 

26 

-26 

27 

-27 

28 

29 

-29 

-28 

30 

31 









32 

32 

33 

33 

34 

34 

35 

36 

36 

35 

0 

0 

37 








38 

-38 

39 

-39 

40 

-40 

38 

-39 

39 

-38 

41 

42 

0 

43 







44 

-44 

45 

-45 

0 

0 

-44 

45 

-45 

44 

46 

47 

0 

0 

48 






49 

49 

50 

50 

51 

51 

49 

50 

50 

49 

0 

0 

52 

0 

0 

53 





22 

22 

23 

-23 

-21 

21 

-19 

20 

-20 

19 

54 

55 

0 

-41 

46 

0 

24 




•28 

28 

29 

-29 

-27 

27 

-25 

26 

-26 

25 

55 

56 

0 

-42 

47 

0 

30 

31 



35 

35 

36 

36 

34 

34 

32 

33 

33 

32 

0 

0 

57 

0 

0 

52 

0 

0 

37 


58 

58 

59 

59 

60 

60 

61 

62 

62 

61 

0 

0 

63 

0 

0 

64 

0 

0 

65 

66 

61 

61 

62 

62 

60 

60 

58 

59 

59 

58 

0 

0 

65 

0 

0 

64 

0 

0 

63 

67 


66 


Scaled out of plane force constants of anthracene 


0. 

,307 

-0. 

,024 

-0. 

,020 

0. 

.036 

0. 

.315 

0. 

,008 

0. 

007 

-0. 

,011 

-0. 

004 

0, 

.006 

0. 

,310 

-0. 

,030 

0 

.000 

0 

.001 

0. 

.001 

-0. 

,001 

0. 

000 

0, 

,000 

-0. 

016 

-0, 

.030 

-0. 

.018 

0. 

.001 

0 

.001 

0 

.315 

0, 

.040 

-0. 

,039 

0. 

,025 

-0. 

.002 

-0. 

,001 

0 

.014 

0. 

.283 

-0. 

.033 

-0 

.031 

0 

.009 

-0, 

.001 

0. 

,000 

0. 

,301 

0, 

.009 

-0. 

,010 

0 

.020 

-0, 

.031 

0, 

.037 

0 

.305 

-0 

.029 

0 

.014 

0. 

.059 

-0, 

.068 

0 

.341 

0, 

.014 

0 

.005 

-0 

.030 

-0 

.017 

0 

.294 

0 

.003 

-0 

.004 

0. 

.004 

0, 

.003 

-0 

.015 

-0, 

.035 

-0 

.005 

0 

.004 

0 

.003 

0 

.080 

0 

.017 

-0 

.002 

0, 

.342 

-0, 

.048 








* The non-redundant local coordinates are as given in Table-4.2. 
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Table 4.13; Mean amplitudes of vibratkm! .A | oj n.jpiifh.jleno 
parameter 


0.159 


14-18 0.160 0.159 0.159 

14-17 0.131 0.134 0.134 

12-18 0.168 0.159 

14-12 0.188 0.188 

14-16 0.168 0.171 

14-13 0.119 0.119 

14-11 0.130 0.133 

14-15 0.145 0.145 

18-16 0.135 0.141 

18-15 0.123 0.125 

6-14 0.077 0.077 

10-14 0.101 0.100 0.097 

6-18 0.098 0.100 0 097 

2-14 0.099 0.101 

10-17 0.099 0.101 

6-12 0.132 0.132 

6-17 0.094 0.097 

2-18 0.095 0.097 

10-13 0.096 0.098 

2-13 0.096 0.098 

2-17 0.094 0.095 

6-13 0.095 0.095 


0.171 

0.119 

0.133 

0.145 

0.141 

0.125 

0.076 


0.098 

0.098 

0.132 

0.098 

0.097 

0.098 

0.098 

0.098 

0.095 


parameter' 

calc. 

Irei..32! 

10-12 

0.1.32 

^ 1 33 

2-15 

iUH4 

n,o«5 

6-11 

lUOh 

0,1 os 

!0-iI 

0.12} 

0 12.1 

6-1.5 

luwr 

0,0*W 

10-16 

0.102 

0,107 

10-15 

0.09*1 

0 101 


6-10 0.044 

1- 2 0.047 

2- 6 0,047 
10-9 0.047 
2-10 0.054 

6-9 0.056 

2- 5 0.056 

3- 5 0.060 
2-9 0.062 
6-5 0.063 
6-8 0.062 
6-3 (UM 
(>‘■7 0.066 

H-10 0.063 
7-10 0.066 




0,047 

0.047 

0.048 

0.048 

0.056 

0.056 

0.057 

0.065 

0.061 

0.060 

0.068 

0.064 

0.067 

0.068 

0.{)68 


i ref 33] 

o'ai 

0.095 
0 108 
i‘ 123 
0.099 
0.107 
0.10 1 
0.047 
0.047 
0.047 
0.U47 
0.058 
0.058 
0.060 
0.068 
0.070 
0.070 
0.072 
0.068 
0.077 
0.078 
0.078 
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Chapter 5 

Theoretical Prediction of Vibrational 
Spectrum of N-Glycylglycine 
Hydrochloride 


In this chapter, theoretical prediction of the vibrational spectrum ot the smallest dipeptidi 
hydrochloride from its parent amino acid frequencies is presenti*d by transferring thi 
complete set of scale factors obtained by using the fitting procedure described in chapte 
3. 

The scaled quantum mechanical (SQM) approach proved to be very successful fo: 
a large number of symmetric organic molecules [1,2]. However the success is limitec 
when the SQM procedure is applied to amino acids. Since there is no symmetry in th( 
amino acids (point group Ci), each force constant is different from the other and man) 
set of scale factors give equally good fit and hence becomes difficult to obtain a uniqut 
solution [3]. Also, equally difficult problem is that the ab initio PED.s are different froix 
the experimentally obtained PEDs implying that the ab initio rt'sult of isloted molecule 
is a poor model for amino adds in condensed phase [4]. This is because the ab initic 
calculation of isolated zwitterion either goes to neutral gas phase spectrum {5| or ever 
when It retains the geometry exhibits intramolecular H-bonding which is absent in the 
solution or solid state [4,6]. Attempts are being made to improve the model by explicitly 
induding water molecules in the calculation (supermoiecular calculation) or implicitly 
by mtroduemg a dielectric medium (Onsager reaction field) [3,7-15]. SQM force fielc 
tion on glycine cation supermolecule is available for cis and trans conformations 
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at HF/ 4-3lG’^ level [3]. Such supermolecular calculations although aimed at building a 
generalized scale factors for peptides, are difficult to extend to higher systems because 
of the increase in the number of atoms included as water molecules. Also the PEDs 
of water molecules get mixed up with amino acid vibrations and difficult to separate. 
Alanine zwitterion is studied by the reaction field approach in water environment [14]. 
This improves the ab initio model of isolated molecule although the agreement is not very 
good with the experimental PEDs. 

An alternative solution to this problem could be the transfer of scale factors from 
smaller amino acids to the larger dipeptides for which the ab initio model correctly 
describes the gross features of experimental \'ibrational spectra. Ab initio calculations 
of isolated ammo acids in their cationic or anionic forms (in acidic or basic solution) 
grossly resemble the experimental features because the intramolecular H-bonding is less 
pronounced in these molecules compared to their zwitterions. It appears that if the basis 
set is chosen carefully the intramolecular H-bonding problem could be reduced further. 
Hence, the present study involves a complete conformational and vibrational analysis of 
glycine hydrochloride (GH) and glycylglycine hydrochloride (GGH) and transfer of scale 
factors between them to obtain a reliable theoretical force field for the smallest dipeptide 
hydrochloride. 

Many ab initio conformational and vibrational analyses of neutral amino acids are 
found in the literature [4,16-17]. To the best of our knowledge a complete ab initio vi- 
brational analysis of any peptide is limited to our study of GGH [18]. An experimental 
Raman study of glycylglycine zwitterion (GG) and its normal mode analysis was reported 
by Lagant et al. [19]. 

5.1 Calculations 

The geometry optimizations and frequency calculations for both GH and GGH were done 
using 4-21G and 6-31G** basis sets. The ab initio force constants and frequencies of GH 
were calculated analytically and that of GGH numerically. The cartesian force constants 
of both GH and GGH were then transformed to the non-redundant local coordinates. The 
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non-redundaxit local coordinates of GH and GGH are shown in Tahlo-” I. ■r.3Mr*5.2 ind 
Figtire 5.1 and 5.2. The fitting procedure described in chapter 3 vv.is list'd to ge! the : ale 
factors for GH by fitting the frequencies of seven different i.satoptnrn'rs Minult.inw jIv 
T he fitting is extremely successful in producing an average deviation ot 7 
available experimental data. The ab initio force constants of GGH are st .ilesj usinja he 
scale factors of GH. Durig's scaling procedure [20] was applied wh«.*n there* is no eq iv- 
alent local symmetry coordinates between the two compounds. Dung s scaling mvo -es 
using a scale factor of 0.9 for stretching, 0.8 for bending and their geometric meari hr 
the off-diagonal ones. The experimental IR spectra of GGH was taken from our repo: ed 
spectra [18]. Glycylglycine methyl ester hydrochloride (GGMHl was pr<’parod In- reac ng 
SOCI 2 with N-glycylglycine in methanol. The solution wa.s dried umliT lugh vacu n 
The IR spectrum was recorde d using a Perkin-Elmer spectmphotomefer 


5.2 Results 


Ammo aad hydrochlorides in soIuHon dissociates into amino nod cation and Q - 1 id 
hence, to a good approximation the spectral features could be accounted by the cati n. 
Similar treatments were given successful results lor other systems, for example, acel 1- 
cholme [21], In soHd slate, each Cl' is ionically bonded to the planar H.atom of the N* I, 
group with a bond distance of 2.59 Ain GH. The room temperatum spectra of NH 3 
an I^Br are essentially identical, indicating that the an, on has verv small ettevt on I e 
spectra [22]. The difference behveen the solid and solution pha.,e spectra can be account d 
most cases to the phase change ( mainly the strong intermolecular 1 1-bimded iietwc k 

a r alT J-I«<nc medium,. Oius, s 

for the b ^ >^30 be considered os a good theoretical mot il 

optoirH hydrochlorides and hence in the present shr v 

CnTd ™ cations f 

calculirb?- ■'* level f 

acid and HCl ^-Vhatly results in the dissociation of GH into neutral amii i 
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5.2.1 Conformations of GH 

The conformational space of GH has been studied by several authors using ab initio theory. 
These studies ciearly"uidicate that the lowest._energy conformation is basis set dependent 
[23,24 |. Since we are looking for a conformation in which the intramolecular H-bonding 
will be minimum so that it will mimic the solution or solid state spectra, we used 4-21G, a 
low level and a high level basis sets. For the present work we took only the tw^o 

lowest energy conformations of GH from the earlier study [24], At 4-21 G level Cl is the 
lowest energy form whereas at 6-31G*^ C2 is the most stable one (Figure 5.3). Inclusion 
of correlation at the MP2 level does not improve 4-21G results while C2 changes to a 
structure closer to Cl at 6-31G** level indicating that the HF/4-21G calculation reproduces 
the structure close to the global minima, though C2 is closer to the crystal structure [25]. 
In all the cases the frequency calculations on the optimized stmcture were done to make 
sure that they are real minima. Since the minimum energ}?' conformation at HF/6-31G’*'* 
does not have the intramolecular H-bonding and also replicate the crystal structure, this 
basis set is used for the vibrational spectral study. 

5.2.2 Conformations of GGH 

Eight possible different conformations were selected by rotating the N-terminal and C- 
terminal groups of GGH. Each conformation is fully optimized at 6-3lG’^* basis set. The 
optimized structures are given in Figure 5.4 and the final results of different calculations 
are listed in Table-5.3. Cl is the minimum energy stmcture. Further MP2/ 6-3lG’*”^ single 
point calculations were performed to see the effect of correlation on the relative energies of 
these eight conformations. Frequency calculation was done only on the minimum energy 
conformation. 

5.2.3 Vibrational Frequencies of GH 

The solution phase IR and Raman spectra of several isotopomers of GH were reported 
by Williams et al. [3]. However, the supermolecular calculation with water molecules 
introduces strong coupling between the vibrational modes of GH and water. As a result 
j.0gj^Qj^g tiglow^ 600 cm~^ are not very well described in their work. Also since the least 
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squares method does not lead to unique assignment, they con.straini*d the srale factoi in 

their SQM approach to yield PEDs that were in agreement with their empmcai it. 

In the present work the fitting of the experimental lrcciui*!V.r'" "»< < > . , ,jg 

produced a better fit than that of Wiliiams et al. except for the pe«ik at .'(iH t m * in (jH 
For this mode the absolute deviation from the fitted one is 30 ctn ^ . !i is possible lat 
this frequency might have been misassigned. For all fundamentals the assignments ire 
very close to that of unsealed ab initio normal modes. The PF;D.s iif scaled force field ire 
in good agreement with that of Williams et al. [3] and hence the a.ssignment tor ijH ' ill 
not be discussed further. The force field cannot be compared, as our results ait’ hasec >n 
isolated molecule. The fitted frequencies and their PEDs for are gn'en in Fable i.4 

and the corresponding fitted frequencies for the isotopomers art* given m Fabie-s..^. 

5.2.4 Vibrational Frequencies of GGH 

The frequencies obtained from the scaled force field and the romsspomhng of G H 

are shown in Table-5.6. The predicted frequencies are in excellent agn’ement with te 
available experimental data with an average deviation of 7.6 cm ’ . For a comparaf m 
study, the experimental frequencies of GG and GGMH are also given in the table. 

The i/C=0 acid and uC=0 amide bands are predicted at 1738 and 1676 and re 
obsen^ed at 1746 and 1677 cm~F This is in agreement with the 1724 and Is 

of the corresponding GGMFI. The C=0 in acetic acid [3] is observed at 1712 cm ’ ant at 
1682 cm-i mGG [19], 

Both the modes are predicted at 1641 and 1602 cm ’ and are not oKservec in 

our IR spectra. However the 1629 and 1611 cm~' Raman bands of CG ( 19} are in very g( d 
agreement with our predicted numbers. These modes appear a.s degenerate bands at I )7 
cm in GH in accordance with the prediction. The 1648 cm ‘‘band and the weak .shoul er 
at 1622 cm in the corresponding GGMH spectra compare well with these as.signme! s. 

The asymmetric NH(amide) bend is predicted at 1593 cm-’ along with eCN, eOOfami e) 

and uNC is assigned to 1584 cm This amide II mode is obserwd at a knver frequei T 
(1531 cm-’) in the 2witterion. The 1535 cm-’ band obsen-ed in the spectmn is 

in agreement with this assignment. The symmetric N*"!-!! deformation i.s predictec at 
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1472 cm ^ agrees very well with the 1480 cm ^ in the zwitterionic spectra. This mode 
is assigned to the 1452 cm*^ peak in the corresponding GGMH. Both the pN^Hs modes 
are predicted at 1155 and 1126 cm"^ and are observed at 1135 and 1117 cm"^ in the GGH 
spectra, 1158 and 1100 cm"^ in the zwitterion and 1130 and 1090 cm"^ in the GGMH. In 
many amino acids these pN'^H 3 modes appear as two closely spaced bands around 1100 
to 1150 cm-^ [26-28]. 

The observed band at 1487 cm“' is predicted ver\’’ well at 1486 cm~^ and is assigned 
to the mixed mode of -C H 2 , uC C, ^^C-0 and a.’CH 2 . The various CH 2 bending modes 
(d'CH?/ ^'CHt and tCH?) are predicted at 1443, 1433, 1408, 1329 and 1242 cm”^ and are 
assigned to the obsen^ed bands at 1434, 1434, 1410, 1308 and 1219 cm“^ respectively. The 
1447 cm~^ Raman band assigned to <)CH 2 by Lagant et al. in the zwitterion spectra agrees 
very well with our predicted 1443 cm~' band. This mode is assigned to the obser\''ed band 
at 1437 cm"^ in the GGMH. The ^'CHi mode at 1408 cm~^ is assigned to 1399 and 1402 
cm~^ in the corresponding GG and GGMH. The CHt rocking modes are predicted at 1002 
and 925 cm~h Higher one is assigned to the observed band at 1013 cm-^ and is consistent 
with the earlier assignment of Lagant et al. at 1007 cm~^ in the zwitterionic spectra for this 
mode. Although there is no band corresponding to the lower one in our hydrochloride 
spectra this agrees well with the 918 cm"^ band assignment of the zwitterionic spectra 
[19]. 

The predicted band at 1362 cm~^ is assigned to (5COH and u;C'H 2 is in agreement 
with the observed band at 1350 cm~L This band is observed at 1378 cm”^ in GH and is 
consistent with this assignment. There is no corresponding mode in the zwitterion spectra 
but appear at 1362 cm“^ in the spectrum of GGMH. The and one of the i/CC +i^CC 

modes are predicted at 1050 and 907 cm“^ are in excellent agreement with the observed 
bands of all the three compounds and also consistent with the 1044 and 873 cm~^ bands 
ofGH. 

Bands predicted at 700 and 661 cm~^ agree very well with the observed bands at 708 
and 661 cm"^ in the hydrochloride spectra, 708 and 665 cm'“'‘ in the zwitterion and 708 and 
644 cm~'‘ in the GGMH. Bands below 600 cm~^ are not available for GGH and hence the 
predicted numbers below 600 cm“^ are compared with the zwitterionic spectra of Lagant 
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etal. [19]. 

The optimized cartesian coordinates obtained by using b-3U ;** h.ssis sot tor the nin- 
imum energy conformation of GH and GGH and their nt)n-redund.int scaled force 'on 
stants are given in Table-5.7 to Table-5.10. 

5.3 Conclusions 

The fitting procedure to obtain the scale factors tom the ab initio force tiekt of G} 

shown to be very successful giving an average deviation of y.rcm ’ h('t%vivn fin'pred ted 
and the experimental frequencies for seven isotopomiTs. TlieseHaie factors uinm us ito 
predict the frequencies of GGH the results were shown to lie m gooti .igreement witi the 
experimental ones with an average deviation of 7.6 cm ’ fc^r iho smaih-st dipepfidi hy- 
drochloride. A complete set of non-redundant force constants were olUainiHl for btifl :h 
and GGH. From the accuraq^ of the predicted frequencies it is clear that the methoda igy 
could, in principle, be used successfully for the prediction of vibrational frequencies nd 
their force fields of larger polypeptides from their parent amino acid.s. 
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04-h=C2S Os- "2=04 Oi05.a2=C,O^Hg 

^3 S ^8 “4~'S S ^ ’^5“ S ^8 -’^3 S ^1 

‘’4=S 02H,.1^=C, C2H3.ag = H,QN3H„a,=Hg N3 

^S=»9 ^"llVS N3H5. h^=C^N3Hj^bg=C, N3 H„ 


Figure 5.1: Internal coordinates of GH. 



=H 5 N, a^^H, N, H^. ag =H, N, N, H,. 1 ^ = 03 N, H 3 . N, H, 

“4= ^2 C^ Hy a3=Nj a5=Nj C^ Hg. b^= Nj C^ Cy b3=C3 C^ bg=C3 C^ Hg 

a? = C, C3 ag =€3 Hj2,ag=CjjNjHj2.bj=C2 C3 OjQ.l^=Ng Cj Oj(jl^=Cj Cjj 

^9 011^13-^1 = '^ Oj,Hj^.ajg=b;g Cj b]o= H^^Cj jHj^. bj j = CjgCj jHj^, b|2= CjgCj 

^13=C,jC,30j^.a,_.= 0 j. 7 C, 30 |^. bj3 = CiiCi3q7.bj^=Cj3 Oj.^H^g 


Figure 5.2: Internal coordinates of GGH. 
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Figure 5.4: HF/6-31G** optimized structures of the eight conformers of GGH. 
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Table 5.1: Nfnn-redundant local coordinates* qIGH 


Si_io 

=ri_io(all stretch) 

S]9 


Sii 

=2ai-bi-b2((isCO) 

S 20 

=a7-ag(riilNl 

Sl2 

=bi-b2((5aCO) 

S 21 

^Zbf^-b’^-bnCi^N * li ;) 

Sl3 

=4a3-a4-a5-b4-b5(c)CH2) 

S 22 

=b7-bK(/iN*Hi| 

Si4 

=a.4+a.5-b4“b5(cjCH2) 

S23 

=a 2 (.)COH) 

Sis 

=3.4“a34*b4-b5(pCH2) 

S24 

='C,0-^(-CO) 

Sl6 

=a4-a5“b4’rb5(tCH2) 

S25 • 

—T ]2( rCO 

Si7 

=5b3-a3“a4-'a5-b4“b5(dN ^CC) S26 

=r, 4 (rCO) 

Sl8 

=a6+a7+ac-b6-b7-b«;((i,N'^H3 

;) S 27 

=r23(rCN^) 


* All internal coordinates are according to Figure 5,1. 


Sl-17 

=ri_i 7 (all stretch) 

S 33 =^3ll+3l2“bil“bl2(‘*'C'H2j 

Sis 

+a2+a3-b| -b2-b3 {6 5N'^H3) 

S 34 =an"ai 2 +bn-bi 2 (pC'H 2 ) 

Sl9 

=2ai-a2-a3((5aN~H3) 

S 35 =3n“3i2'bii+bi2(tC H 2 ) 

S 20 

=a2-a3(5.N+H3) 

S 36 =5aio“bi[o-ai|-ai2"b||-b|2(<INC C) 

S 21 

=2bi-b2-b3(pN+H3) 

S 37 =2bi3-ai3-ai4((5,CO„«-«d) 

S 22 

=b2-b3(pN+H3) 

S 38 

S 23 

=4a4-a5-a6-b5-b6(<JCH2 ) 

S 39 =b,4((5COH) 

S 24 

=a5+a6-b5-b6(a;CH2) 

S 40 = 7 C 30 io{')CO«w,rfr) 

S 25 

=a5-as+b5-b6(pCH2) 

S 41 =''.N 9 H, 2 ( 7 NH) 

S 26 

=a5-a6-b5+b6(tCH2) 

S 42 ="Ci 30 i 6 ( 7 CO„<.„i) 

S 27 

=5b4-a4-a5-a6-b5-bs(5N'^CC) 

S 43 =r, 2 (rN"C) 

S 28 

=2a7-b7-b8(5,,COamide) 

S 44 =r23(rCC) 

S 29 


S 45 =r39(rCN) 

S 30 

=2b9-a8-a9((i.,NH) 

S 46 =r9n(rNC') 

S 31 

=a8-a9(5aNH) 

S 47 =r,n 3 (rC'C) 

S 32 

=4b-[o-aii-a42-bii-bi2((5C'H2) 

All 1 "j* . - 

S 48 =r,3i7(rCO) 



Table 5.3: Relative energies (in kj/mol) of GH and GGH 


Structure 

HF/6-31G=^* 

MP2/6-31G=^‘^ 

GH 

Cl 

15.30 

(0.00) 

0.03 

C2 

0.00 

(5.07) 

0.00 

GGH 

Cl 

0.0 

0.0 

C2 

2.2 

7.1 

C3 

21.2 

18.5 

C4 

23.3 

25.4 

C5 

36.2 

33.5 

C6 

38.2 

40.2 

C7 

61.6 

54.8 

C8 

60.7 

53.9 


The numbers in the parenthesis are the 4-21G energies. 



Table 5.4: Fitted vibrational frequencies of GH (on 


Sym. 

species 

6-310**^ 

scaled 

Assignments 

Expt.“ 

SQM 

1 

3412 

uOH 

(3200) 

— 

2 

3179 

i/N+H 

3182 



3 

3124 

i/N+H 

3152 

_ 

4 

3060 

i/N"H 

3058 

— 

5 

3019 

i/CH 

3012 

3022 

6 

2961 

uCK 

2973 

2961 

7 

1746 

vC=0 

1740 

1750 

8 

1616 


1607 

1618 

9 

1610 


1607 

1594 

10 

1512 

(i,N"H3+u;CH2 

1512 

1518 

11 

1489 

d;N"-H3+u.’CH2+iGC+;/C-0 

(1484) 

1476 

12 

1427 

(iCH, 

1435 

1434 

13 

1378 

(5C0H+u;CH2+mC-0 

1378 

1384 

14 

1328 

tCHo+pN+Hs 

1320 

1324 

15 

1252 

i/C-O+dCOH 

1263 

1284 

16 

1148 

pN+H3+u;CH2+i/CN+ 

1135 

1153 

17 

1121 

tCH2+pN+H3 

1125 

1137 

18 

1042 

:/CN+ 

1044 

1058 

19 

923 

pCH^+pN"^ H3 +'i CO 

917 

923 

20 

884 

i^CC+pN+H3 

873 

880 

21 

657 

rCO+7CO 

657 

669 

22 

598 

(iaCO+dN+CC 

568 

563 

23 

521 

7C0+rC0+pCHT 

504 

453 

24 

498 

5, CO 

(483) 


25 

297 

<JN+cc+(i,co+();,co 

301 

250 

26 

174 

rCN^+rCC 

(175) 


27 

34 

rCC+rCN+ 

(35) 

— - 


a.Experimental frequencies are taken from ref. 3. 

Since the fitting algorithm requires all the experimental frequencies at 
least for one isotopic species, the numbers in parenthesis are introduc- 
ed as a good guess for GH-do and do not have any other significance. 
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Table 5.6: Predicted Vibrational Frequencies of GGH (cm ' 

) 

Sym. 

species 

6-31G** Assignments 
scaled 

GGH 

expt. 

GG 

expt." 

GGMH 

(*xpt. 

1 

3436 uOH 



— 

— 

2 

3265 z/NH 

— 

3285 

— 

3 

3161 i/N+H 

— 

— 

— 

4 

3109 t/N+H 

— 

— 

3080 

5 

3017 uCH 

— 

3013 

— 

6 

2977 z^C'H 

— 

2960 

2960 

7 

2964 z^N-H+z/CH 

— 

— 

— 

8 

2957 z^CH+i/N+H 

— 

— 

— 

• 9 

2938 uC'H 

— 

2927 

— 

10 

1738 i''C=0„ad 

1746 

— 

1724 

11 

1676 Z/'C=0„m»de+^^CN 

1677 

1682 

1 678 

12 

1641 4 N-H 3 

— 

1629 

1648 

13 

1602 c)aN-H3 

— 

1611 

1622 

14 

1593 (i'aNH+z/CN+z/C=0„„„*+f^NC' 

1584 

1531 

1535 

15 

1486 u;C'H2+zyC'C+z/C-0+u;CH, 

1487 



.■»*«**. 

16 

1472 ()',N-"H3+u;C'H2 

— 

1480 

1452 

17 

1443 (iC'H2 

1434 

1447 

1437 

18 

1433 d'CH2+d'*N+H3 

1434 

— 

1420 

19 

1408 azCH2+<)'CH2 

1410 

1399 

1402 

20 

1362 (iCOH+u.'C'H2 

1350 


1362 

21 

1329 tCH2+pN+H3 

1308 

1315 

1307 

22 

1266 <5,NH+z/C-0 

1265 

1249 

1249 

23 

1247 z^C-O+..'C'H,+6C0H 






24 

1242 tC'H. 

1219 

1242 

1219 

25 

1188 z/CN 

- 

, 


26 

1155 pN'^H3+u;CH2+tCH7 

1135 

1158 

1130 

27 

1126 tCH2+pN-*-H3^ 

1117 

1100 

1090 

28 

1050 z^N+C 

1040 

1046 

1032 

29 

1002 pC'H2+nCO„^, 

1013 

1007 

30 

985 z/CC+z/C'C 


968 

980 

31 

925 pCH2+-.CO„^irfe+pN^H3 


918 

946 

32 

907 uCC'+iyCC 

903 

910 


33 

700 (5„CO,„,rf,+dNCC 

708 

708 

708 

34 

661 rCO„e,a+-CO„c,<i+pC'H2 

661 

665 

644 

35 

618 '?'CN+'COa;j„de+7NH+pCH-) 

594 d„CO,„^+qNC'C 




36 


598 


37 

568 ^sCO^ctd+daCOamide 


588 


38 

39 

537 7CO.a,rit<ie+9NH 

508 7C0„,,,+rC-0 

— 

535 

— 



Table 5.6: (Continued): Predicted vibrational frequencies of GGH 


40 

405 

dN ^CC+(),,CO„ci(/ 

— 396 — 

41 

331 

^ gCO iifiiiiif "¥6 gCO aQid'hd aCO amide 

— 317 — 

42 

269 

6NC'C+SXOacid 

— 298 — 

43 

196 

rC'C+rCC+q-NH+rN^C 

— — — 

44 

179 

rN+C+rC'C 

— — — 

45 

111 

S a bJbfrtjnide COf_iyj.li dQ ■f*tCTl2 

— — — 

46 

89 

rCC+rN+C 

— — — 

47 

79 

rC'C+rCN 

— — — 

48 

40 

tNC'+tNH+tCC 

— — — 


a. Taken from ref. 12. 
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Table 5.7: Optiinized cartesian coordinates of the rniriirnuin energy conformation of GH’*' 
at 6-31G** basis set 


1 

6 

0 . 000000 

0.000000 

0.000000 

2 

6 

0 . 000000 

0 . 000000 

1.516600 

3 

7 

1.430186 

0.000000 

1.949957 

4 

8 

-1.209458 

0.000000 

-0 . 475575 

5 

8 

1.017835 

0 . 000000 

-0. 506826 

6 

1 

-1.211000 

0.000000 

-1. 42’'873 

7 

1 

-0.486890 

-0.881658 

1.909255 

8 

1 

-0 . 486890 

0.881658 

1 . 909255 

9 

1 

1.521335 

0.000000 

2 . 95 5 53 5 

10 

1 

1.916723 

-0.805370 

1 . 5 9 2 9 R 

11 

1 

1.916723 

0.805370 

1 . 5" 9298 

* Atom numberings are 

according to 

Figure 5.1. 


Table 5.8: Optiinized cartesian coordinates of the minimum energy conformation t: 
at 6-31G** basis set 

1 

7 

0.000000 

0.000000 

0.000000 

2 

6 

0.000000 

0.000000 

1.494700 

3 

6 

1.477563 

0.000000 

1.909195 

4 

1 

0.925435 

0.336112 

“0.279188 

5 

1 

-0.105207 

“0.928158 

-0.380962 

6 

1 

-0.718988 

0.583323 

-0.398060 

7 

1 

-0.485599 

0.902803 

1.838720 

8 

1 

-0.544079 

-0.859478 

1.857572 

9 

7 

1.724873 

“0.202930 

3 . 188811 

10 

8 

2.296971 

0.202016 

1.048108 

11 

6 

3 . 069443 

-0.181293 

3.731447 

12 

1 

0 . 994800 

-0.372897 

3 . 849195 

13 

6 

2.966343 

-0.442684 

5.215785 

14 

1 

3.690395 

“0.941255 

3.273683 

15 

1 

3.545475 

0.777382 

3 . 566448 

16 

8 

1.932781 

-0;625710 

5.772838 

17 

8 

4.144177 

“0.439886 

5.788509 

18 

1 

4.058569 

-0.605608 

6.720221 


* Atom niomberings are according to Figure 5.2, 
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Table 5.9: Non-redundant fitted force constaats of GH* 


1 

1 

5.176 





2 

1 

.161 

2 

4.935 



3 

1 

.271 

2 

.011 

3 

7.435 

4 

1 

.524 

2 

.043 

3 

1.147 

5 

1 

-.017 

2 

-.002 

3 

.143 

6 

1 

.041 

2 

.059 

3 

.001 

7 

1 

.041 

2 

.059 

3 

.001 

8 

1 

-.003 

2 

.031 

3 

-.012 


8 

5.550 





9 

1 

-.021 

2 

.044 

3 

-.010 


8 

.013 

9 

5.341 



10 

1 

-.021 

2 

.044 

3 

-.010 


8 

.013 

9 

.020 

10 

5.341 

11 

1 

.089 

2 

. 187 

3 

.374 


8 

-.004 

9 

.004 

10 

.004 

12 

1 

.449 

2 

-.062 

3 

-.264 


8 

-.005 

9 

-.035 

10 

-.035 

13 

1 

-.119 

2 

-.197 

3 

.005 


8 

.002 

9 

.001 

10 

.001 

14 

1 

-.131 

2 

.477 

3 

-.024 


8 

-.020 

9 

1 

o 

o 

10 

-.004 

15 

6 

.072 

7 

-.072 

9 

-.016 

16 

6 

-.028 

7 

.028 

9 

-.014 

17 

1 

.530 

2 

.398 

3 

.019 


8 

.025 

9 

-.062 

10 

-.062 


17 

1.634 





18 

1 

.004 

2 

-.295 

3 

.006 


8 

.056 

9 

.056 

10 

.056 


17 

-.021 

18 

.562 



19 

1 

-.019 

2 

-.021 

3 

-.030 


8 

-.071 

9 

.069 

10 

.069 


17 

-.021 

18 

.015 

19 

.575 

20 

6 

.001 

7 

-.001 

9 

.064 

21 

1 

.021 

2 

-.034 

3 

.055 


8 

.030 

9 

-.014 

10 

-.014 


17 

.069 

18 

.023 

19 

.001 

22 

6 

-.004 

7 

.004 

9 

.025 

23 

1 

.053 

2 

.018 

3 

.255 


8 

.001 

9 

-.001 

10 

-.001 


17 

.028 

18 

1 

o 

o 

19 

.005 

24 

6 

.015 

7 

-.015 

9 

-.004 


22 

.018 

24 

.433 




4 

11.593 






4 

-.090 

5 

6.517 




4 

-.007 

5 

.005 

6 

4.908 


4 

-.007 

5 

.005 

6 

.029 

7 

4 

-.008 

5 

.001 

6 

.005 

7 

4 

-.019 

5 

.002 

6 

.004 

7 

4 

-.019 

5 

.002 

6 

-.019 

7 

4 

-.649 

5 

;061 

6 

-.017 

7 

11 

1.136 






4 

.100 

5 

.056 

6 

.011 

7 

11 

.050 

12 

1.008 




4 

-.023 

5 

-.001 

6 

.062 

7 

11 

.025 

12 

-.025 

13 

.527 


4 

-.068 

5 

.004 

6 

-.007 

7 

11 

.049 

12 

-.050 

13 

-.043 

14 

10 

.016 

15 

.689 




10 

.014 

15 

.134 

16 

.662 


4 

.063 

5 

.007 

6 

-.031 

7 

11 

.085 

12 

.115 

13 

.008 

14 

4 

-.019 

5 

-.004 

6 

-.008 

7 

11 

-.031 

12 

.014 

13 

.016 

14 

4 

.046 

5 

.003 

6 

.000 

7 

11 

.020 

12 

-.016 

13 

.005 

14 

10 

-.064 

15 

.020 

16 

.000 

20 

4 

-.037 

5 

-.004 

6 

-.001 

7 

11 

.028 

12 

-.010 

13 

.022 

14 

21 

.735 






10 

-.025 

15 

-.062 

16 

-.070 

20 

4 

.018 

5 

.139 

6 

.003 

7 

11 

.102 

12 

.116 

13 

.000 

14 

21 

.002 

23 

.801 




10 

.004 

15 

.070 

16 

-.064 

20 


.908 

.005 

.019 

.004 

.017 

.011 

.062 

.007 

.742 


-.031 

-.014 

-.008 

-.039 

.000 

-.002 

.583 

-.001 

-.057 

.032 

.003 

.003 

-.007 
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Table 5.9; (Continued): Non-redundant fitted force constants of GH* 

25 6 -.009 7 .009 9 -.013 10 .013 15 .071 16 -.003 20 -.019 

22 .031 24 -.009 25 .102 

26 6 .006 7 -.006 9 .002 10 -.002 15 .001 16 -.016 20 -.001 

22 -.001 24 .018 25 -.029 26 .156 

27 6 -.001 7 .001 9 -.021 10 .021 15 -.004 16 -.009 20 -.025 

22 .037 24 -.006 25 -.038 26 .000 27 .027 

* Local symmetry coordinates are as given in Table 5.1. 


Table 5.10: Non-redundaint scaled 


1 

1 

5.023 






2 

1 

.195 

2 

4.991 




3 

1 

.225 

2 

-.008 

3 

4.893 


4 

1 

.016 

2 

-.001 

3 

.031 

4 

5 

1 

.010 

2 

-.002 

3 

.019 

4 

6 

1 

.055 

2 

.046 

3 

-.002 

4 

7 

1 

.048 

2 

.029 

3 

-.007 

4 

8 

1 

-.073 

2 

.262 

3 

.071 

4 


8 

8.623 






9 

1 

.054 

2 

.626 

3 

-.148 

4 


8 

1.436 

9 

10.177 




10 

1 

.008 

2 

-.009 

3 

-.009 

4 


8 

.160 

9 

-.060 

10 

6.068 


11 

1 

-.002 

2 

.012 

3 

-.004 

4 


8 

.048 

9 

-.067 

10 

.067 

11 

12 

1 

.002 

2 

-.001 

3 

.000 

4 


8 

.001 

9 

.021 

10 

.180 

11 

13 

1 

.002 

2 

.000 

3 

.000 

4 


8 

-.033 

9 

.025 

10 

.154 

11 

14 

1 

.002 

2 

.000 

3 

.000 

4 


8 

-.033 

9 

.026 

10 

.154 

11 

15 

1 

-.003 

2 

.005 

3 

.005 

4 


8 

.019 

9 

-.020 

10 

.051 

11 


15 

11.351 






16 

1 

.000 

2 

.000 

3 

.003 

4 


8 

-.053 

9 

.050 

10 

-.005 

11 


15 

1.203 

16 

7.027 




17 

1 

.001 

2 

.001 

3 

-.001 

4 


3 

.010 

9 

-.006 

10 

-.003 

11 


15 

-.085 

16 

.132 

17 

6.610 



force 

constants 

of 

GGH* 



5.423 







.010 

5 

5.460 





-.015 

5 

.014 

6 

4.880 



.012 

5 

-.003 

6 

.032 

7 

4.920 

-.016 

5 

-.012 

6 

.002 

7 

.012 

.004 

5 

-.007 

6 

-.001 

7 

.002 

.003 

5 

.002 

6 

.004 

7 

.004 

.003 

5 

.003 

6 

.002 


.006 

5.896 







O 

o 

5 

o 

0 

1 

6 

.000 

7 

.000 

-.040 

12 

5.323 





.000 

5 

.000 

6 

.000 

7 

-.001 

-.005 

12 

.039 

13 

4.814 



.000 

5 

.000 

6 

-.001 

7 

-.001 

-.005 

12 

.039 

13 

.054 

14 

4.811 

-.002 

5 

-.001 

6 

.000 

7 

.000 

-.049 

12 

.455 

13 

-.009 

14 

-.009 

-.003 

5 

-.003 

6 

-.001 

7 

-.002 

.026 

12 

.259 

13 

.004 

14 

.004 

.001 

5 

.001 

6 

000 


.000 

-.002 

12 

-.022 

13 

.005 

14 

.005 
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Table 5.10: (Contiinied) : Non-redundant scaled force constants of GGH* 


18 

1 

-.325 

2 

.033 

3 

-.066 

4 


8 

.031 

9 

-.044 

10 

-.009 

11 


15 

.002 

16 

.005 

17 

-.001 

18 

19 

1 

-.003 

2 

-.031 

3 

-.040 

4 


8 

-.001 

9 

- . 002 

10 

.000 

11 


16 

.000 

17 

.000 

18 

.007 

19 

20 

1 

-.031 

2 

-.020 

3 

.088 

4 


8 

-.021 

9 

.040 

10 

.004 

11 


15 

-.002 

16 

-.002 

17 

.001 

18 

21 

1 

.032 

2 

-.061 

3 

.270 

4 


8 

-.077 

9 

.079 

10 

.011 

11 


15 

-.006 

16 

-.009 

17 

.001 

18 

22 

1 

.007 

2 

-.007 

3 

.025 

4 


8 

-.014 

9 

.012 

10 

.002 

11 


15 

-.001 

16 

-.002 

17 

.000 

18 


22 

.754 






23 

1 

-.211 

2 

-.106 

3 

-.007 

4 


8 

.001 

9 

-.022 

10 

-.003 

11 


15 

.001 

16 

.000 

17 

.000 

18 


22 

-.013 

23 

.527 




24 

1 

.528 

2 

-.135 

3 

-.020 

4 


8 

-.044 

9 

-.055 

10 

-.001 

11 


15 

-.004 

16 

-.001 

17 

.000 

18 


22 

.021 

23 

-.060 

24 

.766 


25 

1 

-.005 

2 

.038 

3 

.028 

4 


8 

-.018 

9 

.017 

10 

.003 

11 


15 

-.002 

16 

.000 

17 

.000 

18 


22 

.038 

23 

.005 

24 

.010 

25 

26 

1 

.008 

2 

.001 

3 

-.029 

4 


8 

.006 

9 

.011 

10 

-.003 

11 


16 

.000 

17 

.000 

18 

-.008 

19 


23 

.001 

24 

.010 

25 

.146 

26 

27 

1 

.390 

2 

.865 

3 

.132 

4 


8 

-.105 

9 

.218 

10 

.026 

11 


15 

-.012 

16 

-.005 

17 

.002 

18 


22 

I 

O 

23 

-.001 

24 

.010 

25 

28 

1 

.188 

2 

.002 

3 

-.049 

4 


8 

.186 

9 

-.712 

10 

.047 

11 


15 

.020 

16 

-.006 

17 

.002 

18 


22 

-.014 

23 

.026 

24 

.016 

25 

29 

1 

-.092 

2 

.695 

3 

- . 001 

4 


8 

-.379 

9 

.161 

10 

.074 

11 


15 

- . 026 

16 

-.016 

17 

.004 

18 


22 

.007 

23 

-.025 

24 

-.039 

25 


29 

1.181 







.068 

5 

.063 

6 

-.007 

7 

-.006 

-.002 

12 

.000 

13 

.000 

14 

.000 

.562 







.037 

5 

'049 

6 

.001 

7 

.001 

-.001 

12 

.000 

14 

.000 

15 

.001 

.568 







.098 

5 

-.083 

6 

-.003 

7 

.002 

.002 

12 

.000 

13 

.000 

14 

.000 

.026 

19 

-.004 

20 

.602 



-.011 

5 

-.016 

6 

.002 

7 

.003 

.009 

12 

-.001 

13 

.000 

14 

.000 

-.022 

19 

1 

o 

to 

20 

-.027 

21 

.806 

.011 

5 

-.009 

6 

.010 

7 

-.008 

.003 

12 

.000 

13 

.000 

14 

.000 

-.006 

19 

.007 

20 

.015 

21 

-.010 

.009 

5 

.007 

6 

.066 

7 

.071 

-.005 

12 

.000 

13 

.000 

14 

.000 

.020 

19 

.004 

20 

.004 

21 

-.014 

-.011 

5 

-.016 

6 

-.007 

7 

.005 

.004 

12 

.001 

13 

.001 

14 

.001 

-.055 

19 

.007 

20 

.000 

21 

.036 

.021 

5 

-.018 

6 

.070 

7 

-.061 

.000 

12 

.000 

13 

.000 

14 

.000 

.009 

19 

-.009 

20 

-.012 

21 

-.045 

.702 







.018 

5 

-.016 

6 

-.023 

7 

.016 

-.001 

12 

.000 

13 

.000 

14 

.000 

.001 

20 

-.056 

21 

-.027 

22 

.040 

.685 







-.016 

5 

.010 

6 

-.031 

7 

-.035 

.009 

12 

.001 

13 

.001 

14 

.000 

.016 

19 

CN 

LO 

O 

1 

20 

-.043 

21 

-.049 

.044 

26 

-.006 

27 

2.084 



.005 

5 

.002 

6 

-.004 

7 

-.017 

-.033 

12 

-.006 

13 

.005 

14 

.005 

-.063 

19 

.010 

20 

.016 

21 

.032 

.001 

26 

-.018 

27 

-.021 

28 

1.188 

-.019 

5 

-;oii 

6 

.007 

7 

.015 

.005 

12 

-.014 

13 

.004 

14 

.003 

.045 

19 

-.019 

20 

-.015 

21 

-.052 

.014 

26 

.022 

27 

.376 

28 

-.085 
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Table 5.10: (Continued): Non-redundnnt ncaled force ccnnT..into of GGH. 


30 

1 

.028 

2 

.037 

3 

-.015 

4 


8 

.114 

9 

-.033 

10 

.118 

11 


15 

-.006 

16 

.049 

17 

-.003 

18 


22 

-.001 

23 

.001 

24 

.003 

25 


29 

.062 

30 

.658 




31 

1 

-.018 

2 

.014 

3 

.008 

4 


8 

.182 

9 

.029 

10 

-.151 

11 


15 

-.065 

16 

.039 

17 

-.005 

18 


22 

.000 

23 

.001 

24 

-.009 

25 


29 

-.052 

30 

.011 

31 

.522 


32 

1 

.000 

2 

-.001 

3 

-.001 

4 


8 

.006 

9 

-.004 

10 

-.201 

11 


15 

-.022 

16 

.006 

17 

-.001 

18 


22 

.000 

23 

.000 

24 

.000 

25 


29 

.009 

30 

.004 

31 

.017 

32 

33 

1 

.004 

2 

.003 

3 

-.001 

4 


8 

-.094 

9 

.052 

10 

.490 

11 


15 

-.065 

16 

-.025 

17 

.005 

18 


22 

.000 

23 

.000 

24 

-.001 

25 


29 

.010 

30 

1 

o 

to 

cn 

31 

-.041 

32 

34 

1 

.001 

2 

-.002 

3 

.000 

4 


8 

.002 

9 

.000 

10 

-.001 

11 


15 

.001 

16 

-.001 

17 

.000 

18 


22 

.001 

24 

.001 

25 

-.002 

26 


30 

.000 

31 

.000 

32 

.000 

33 

35 

1 

.001 

2 

-.002 

3 

.000 

4 


8 

.002 

9 

.000 

10 

.000 

11 


16 

.000 

17 

.000 

18 

.000 

19 


23 

.000 

24 

.001 

25 

1 

O 

o 

26 


30 

.000 

31 

.000 

32 

.000 

33 

36 

1 

.005 

2 

.005 

3 

.002 

4 


8 

.019 

9 

.067 

10 

.353 

11 


15 

.074 

16 

.015 

17 

.010 

18 


22 

-.002 

23 

-.001 

24 

.000 

25 


29 

-.024 

30 

.032 

31 

.036 

32 


36 

1.683 






37 

1 

.003 

2 

.006 

3 

.000 

4 


8 

.004 

9 

-.009 

10 

.166 

11 


15 

-.623 

16 

.339 

17 

.068 

18 


22 

1 

O 

o 

23 

.000 

24 

-.001 

25 


29 

.009 

30 

.029 

31 

-.028 

32 


36 

. 054 

37 

1.198 





.000 

5 

.000 

6 

.001 

7 

.000 

-.069 

12 

.003 

13 

-.016 

14 

-.016 

-.006 

19 

-.001 

20 

, 0 C .3 

21 

.005 

.003 

26 

-.003 

27 

. 042 

28 

.077 

.001 

5 

.001 

6 


7 

.005 

-.102 

12 

.029 

13 

- , sOrn 

1 4 

- 009 

.003 

19 

,000 

20 

- . 00 

r 1 

- , 004 

-.001 

26 

.004 

27 

- 

28 

- ,004 

.001 

5 

.001 

6 

,001 

7 

.001 

-.009 

12 

-.127 

13 

07 B 

14 

,078 

-.001 

19 

.000 

20 

,000 

21 

,001 

.001 

26 

.000 

27 

002 

28 

004 

.542 







-.001 

5 

-.001 

6 

- UOl 

7 

-.002 

.001 

12 

-.171 

13 

- 013 

14 

- ,013 

.000 

19 

.000 

20 

000 

21 

- 001 

.001 

26 

-.001 

27 

.001 

28 

.012 

-.017 

33 

.732 





.000 

5 

.000 

6 

-.001 

7 

.002 

.001 

12 

.000 

13 

.082 

14 

-.082 

.000 

19 

.000 

20 

.000 

21 

.000 

.003 

27 

.002 

28 

“001 

29 

.000 

.000 

34 

.707 





.000 

5 

.000 

6 

- 002 

7 

.002 

.001 

13 

- 037 

14 

037 

IS 

- 001 

.000 

20 

.000 

21 

000 

22 

.001 

.004 

27 

.002 

28 

-.001 

29 

.000 

-.001 

34 

.114 

35 

.674 



-.004 

5 

-.003 

6 

- ,001 

7 

-.001 

-.024 

12 

.612 

13 

-.035 

14 

-.035 

.002 

19 

.000 

20 

-.002 

21 

-.005 

-.001 

26 

-.001 

27 

.001 

28 

.001 

.011 

33 

-.042 

34 

.000 

35 

.000 

-.001 

5 

.000 

6 

.000 

7 

.000 

-.003 

12 

.078 

13 

-.020 

14 

-.020 

.000 

19 

.000 

20 

.000 

21 

-.002 

.000 

26 

.000 

27 

.003 

28 

.025 

.026 

33 

.042 

34 

.000 

•sc 

%#%# 

.000 
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Table 5 . 10 . ( Continued ): Non redundant scaled force constants of GGH * 


38 

1 

-.003 

2 

- . 005 

3 

.004 

4 

-.004 

5 

-.004 

6 

-.001 7 

-.001 


8 

-.040 

9 

.060 

10 

-.053 

11 

-.022 

12 

.450 

13 

.013 14 

.013 


15 

-.014 

16 

-.286 

17 

.060 

18 

.004 

19 

.000 

20 

-.002 21 

-.009 


22 

-.002 

23 

.000 

24 

-.001 

25 

-.001 

26 

.000 

27 

-.015 28 

-.014 


29 

-.031 

30 

-.005 

31 

.025 

32 

-.025 

33 

-.049 

34 

.000 35 

.000 


36 

.176 

37 

.054 

38 

1.049 








39 

1 

.001 

2 

.002 

3 

.000 

4 

.000 

5 

.000 

6 

.000 7 

.000 


8 

.008 

9 

-.006 

10 

.017 

11 

-.004 

12 

.042 

13 

.004 14 

.004 


15 

.019 

16 

.241 

17 

.147 

18 

-.001 

19 

.000 

20 

.000 21 

.001 


22 

.000 

23 

.000 

24 

.000 

27 

.001 

28 

.003 

29 

.004 30 

.000 


31 

-.004 

32 

.001 

33 

.003 

34 

.000 

36 

.031 

37 

.106 38 

.119 


39 

.816 












40 

1 

-.004 

2 

.019 

3 

-.015 

4 

-.002 

5 

.000 

6 

.018 7 

-.014 


8 

-.001 

9 

.002 

10 

.001 

11 

-.002 

12 

.000 

13 

.002 14 

-.002 


15 

.001 

16 

-.001 

17 

.000 

18 

-.004 

19 

.004 

20 

-.023 21 

.014 


22 

-.013 

23 

-.005 

24 

-.010 

25 

.064 

26 

-.048 

27 

-.002 28 

.002 


29 

.018 

30 

.002 

31 

.000 

32 

.000 

33 

.001 

34 

-.008 35 

-.010 


36 

.000 

37 

.000 

38 

.000 

39 

.000 

40 

.453 




41 

1 

.000 

2 

-.004 

3 

-.001 

4 

.001 

5 

-.001 

6 

.001 7 

.001 


8 

.006 

9 

-.002 

10 

.003 

11 

.004 

12 

.000 

13 

-.011 14 

.011 


15 

-.001 

16 

.001 

17 

.000 

18 

.000 

19 

.000 

20 

-.002 21 

.001 


22 

-.002 

23 

.002 

24 

.002 

25 

.003 

26 

.002 

27 

.002 28 

-.001 


29 

.001 

30 

.001 

31 

-.001 

32 

.000 

33 

.000 

34 

-.014 35 

-.020 


36 

.001 

37 

.000 

38 

.000 

39 

.000 

40 

-.037 

41 

.102 


42 

1 

.000 

2 

.000 

3 

.000 

4 

.000 

5 

.000 

6 

.000 7 

.000 


8 

.000 

9 

.000 

10 

.000 

11 

.000 

12 

.000 

13 

.019 14 

-.018 


15 

-.001 

16 

.000 

17 

.000 

18 

.000 

19 

.000 

20 

.000 21 

.000 


22 

.000 

23 

.000 

24 

.000 

25 

.000 

26 

.000 

27 

.000 28 

.000 


29 

.000 

30 

■ .000 

31 

.000 

33 

.000 

34 

.062 

35 

-.062 37 

.000 


38 

.000 

39 

.000 

40 

.004 

41 

-.014 

42 

.478 




43 

1 

-.031 

2 

-.024 

3 

-.110 

4 

.006 

5 

;011 

6 

.007 7 

.005 


8 

.025 

9 

-.028 

10 

-.003 

11 

-.002 

12 

.000 

13 

.000 14 

.000 


15 

.001 

16 

.002 

17 

.000 

18 

-.015 

19 

.015 

20 

-.073 21 

.055 


22 

-.032 

23 

.007 

24 

-.023 

25 

-.009 

26 

.013 

27 

.001 28 

.000 


29 

-.008 

30 

-.003 

31 

.002 

32 

-.001 

33 

.000 

34 

.000 35 

.000 


36 

.001 

38 

.002 

39 

.000 

40 

.013 

41 

.001 

42 

.000 43 

.065 

44 

1 

.013 

2 

.033 

3 

-.038 

4 

-.004 

5 

.001 

6 

.003 7 

.003 


8 

.002 

9 

.010 

10 

.002 

11 

.004 

12 

.000 

13 

.000 14 

.000 


15 

-.002 

16 

.002 

17 

.000 

18 

-.013 

19 

.006 

20 

-.087 21 

. 030 


22 

-.018 

23 

-.005 

24 

.004 

25 

.075 

26 

.006 

27 

.047 28 

-.025 


29 

.034 

30 

.000 

31 

.000 

32 

. 000 

33 

.001 

34 

.003 35 

.002 


36 

.000 

37 

.000 

38 

.001 

39 

.000 

40 

.013 

41 

.01642 

-.001 


43 

.068 

44 

.169 
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Table 5.10: (Continued): Non-redundant scaled force constants of GGH * 


1 

-.006 

2 

.014 

3 

.001 

4 

-.002 

5 

.001 

6 

.011 

7 

-.011 

8 

-.007 

9 

.005 

10 

-.001 

11 

.002 

12 

.000 

13 

002 

14 

-. C 02 

15 

-.001 

16 

.001 

17 

-.001 

18 

.000 

19 

.000 

20 

, 000 

21 

.002 

22 

-.003 

23 

.002 

24 

-.004 

25 

.006 

26 

-.024 

27 

-.008 

28 

.007 

29 

.000 

30 

-.001 

31 

.001 

32 

.000 

33 

.000 

34 

-.017 

35 

-.016 

36 

.000 

38 

.000 

39 

.000 

40 

-.034 

41 

1 

o 

m 

o 

42 

.002 

43 

.001 

44 

-.029 

45 

.294 











1 

.001 

2 

.000 

3 

.000 

4 

.000 

5 

.000 

6 

OOn 

7 

-.001 

8 

-.001 

9 

.000 

10 

.000 

11 

.000 

12 

.000 

13 

03 6 

14 

- .016 

15 

-.003 

16 

.001 

18 

.000 

19 

.000 

20 

.001 

21 

-001 

r'l 

,001 

23 

-.001 

24 

.000 

25 

-.001 

26 

.001 

27 

,000 

28 

001 

29 

000 

30 

.000 

31 

.001 

32 

.000 

33 

.000 

34 

.014 

35 

.044 

36 

000 

37 

.000 

38 

.000 

39 

.000 

40 

.008 

41 

-.034 

42 

.017 

43 

-.001 

44 

-.004 

45 

.004 

46 

.066 









1 

.001 

2 

.000 

3 

.000 

4 

.000 

5 

.000 

6 

.000 

7 

.000 

8 

.000 

9 

.000 

10 

.000 

11 

.000 

12 

.000 

13 

-.015 

14 

. 015 

15 

-.001 

16 

.000 

17 

-.001 

18 

.000 

19 

.000 

20 

.000 

21 

.000 

22 

.001 

23 

-.001 

24 

.000 

25 

-.002 

26 

.001 

27 

.001 

28 

.000 

29 

.000 

30 

.000 

31 

.000 

32 

.000 

33 

.000 

34 

.058 

35 

.014 

36 

.000 

37 

.000 

39 

.000 

40 

.004 

41 

-.036 

42 

-.008 

43 

.000 

44 

-.003 

45 

-.003 

46 

.047 

47 

.144 







1 

.000 

2 

.000 

3 

.000 

4 

.000 

5 

.000 

6 

000 

7 

,000 

8 

.000 

10 

.000 

12 

.000 

13 

.007 

14 

1 

o 

O 

IS 

.000 

16 

.000 

17 

.000 

19 

.000 

20 

.000 

21 

.000 

22 

,000 

23 

.000 

24 

,000 

25 

.001 

26 

.000 

27 

.000 

28 

.000 

29 

.000 

30 

.000 

31 

.000 

33 

.000 

34 

.001 

35 

-.015 

36 

.000 

37 

.000 

39 

000 

40 

.000 

41 

.003 

42 

.012 

43 

.000 

44 

.001 

45 

-.001 

46 

.001 

47 

-.029 

48 

.157 














* Local symmetry coordinates are as given in Table 5.2. 
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Chapter 6 

Theoretical prediction of vibrational 
spectra of cysteine and serine 
Hydrochloride 


In continuation with our earlier investigation of the vibrational spectra of hydrochlorides 
of amino acids glycine (GH) and glycylglycine (GGH) (chapter 5), in this chapter we 
address this problem, using cysteine and serine hydrochloride (CYSH and SERH). 

Cysteine (CYS) owing to the presence of thiol group SH is one of the most important 
amino acids. It is responsible for the stabilization of secondary structures of proteins 
through the formation of H-bonds and more importantly disulfide bridges. Thus the 
CYS residue side chain, -CHiSH was the subject of a number of spectroscopic studies 
for characterization of its conformers [1-23]. The theoretical modelling of thiol group 
in CYS is very important because the earlier force field developers have shown that an 
inaccurately described SH group does not tend to form H-bonds [24]. The H-bonding 
effect on uSH frequency has been studied in different proteins [1-8]. Effect of the Ca- 
C,rS-H dihedral angles on the uSH mode has been sought through experimental [9-11] 
and normal mode analyses [12,13] of some model alkanethiols. Information on rotational 
barriers from the low frequency torsional modes have also been reported in the literature 
[14-16]. The conformational assignment of u CS frequency with respect to C-C^-Cj-S 
dihedral angle in several thiols, [17,18] dialkyl disulfide [19,20] or alkyl sulfides [21], and 
the normal coordinate analyses [22,23] are found in the literature. Serine (SER) due to the 
presence of two hydroxvl groups readily forms H-bonds and hence is found in turns of 
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protein secondary structures. A study of the effect of the torsional angle C-Cq-Cj-O on 
the lyC^O frequency in SER was reported. [25]. There is a large number of experimental 
vibrational spectral study (IR and Raman) on CYS and SER zwitterions [26-31]. The most 
recent one being the ROA spectra of Gargaro et al. [31] based on their alanine results 
[32]. But a detailed theoretical vibrational analysis of both CYS and SER in their gaseous 
and zwitterionic forms is limited to the recent study from our laboratory based on their 
isolated ab initio model [25]. 

In this chapter our endeavour is to generate a reliable force field for CYSH and SERH. 
The scale factors of glycine hydrochloride from previous chapter is used to scale the ab 
initio force field of both the compounds at the same level of theory (HF/ 6-31G**). The 
side chain residues of CYSH and SERH are scaled by using the scale factors of ethanethiol 
(EtSH) and ethanol (EtOH) respectively, obtained by fitting their ab initio force field to 
the respective e.xperimental vibrational spectra [13,33]. A complete set of nonredvmdant 
force constants were obtained for CYSH and SERH. 


6.1 Calculations 

The ab initio force constants and frequencies of CYSH, SERH, EtSH and EtOH were 
calculated analytically for the optimized geometry at 6-31G’*'* level. The cartesian force 
constant matrices were transformed to the non-redundant local coordinate space. The 
nonredundant local coordinates of both EtSH and EtOH are given in Table-6.1 and Figure 
6.1 and that of CYSH and SERH are given in Table-6.2 and Figure 6.2. The optimized 
geometries of CYSH and SERH are given in Table-6.3. The ab initio force fields of EtSH 
and EtOH were then fitted to their corresponding experimental spectra to obtain a non- 
redundant set of force constants and scale factors using the methodology described in 
chapter 3. The fitting is very successful for both the compounds. The scale factors of EtSH 
and EtOH along with glycine hydrochloride when used to scale the ab initio force field of 
CYSH and SERH, a very good agreement is obtained with experimental frequencies for 
both the molecules. 
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6.2 Results 

6.2.1 EtSH 

Of the different possible conformers, the gauche form (H(4)-S(2)-C(l)-C(3) ~ 60°) of EtSH 
is most stable in the ground state, as shown by Qian and fCrimm, based on their ab 
initio (3-21G and 4-31G’^) calculations [34]. We did not do anv conformational analysis 
further at our required level of theory (6-31G’*-’") in the present study. The fully optimized 
geometr}^ of EtSH at this level generates the gauche form as the most stable one. Since 
the iniiermolecular H-bonding is less pronounced in EtSH, the isolated molecule ab initio 
calculation serves as a good model for the condensed phase vibrational spectra. Several 
experimental vibrational spectra of EtSH were found in the literature [9.13,16]. We used the 
condensed phase spectra [13] for the analysis. Fitted frequencies of ail the fundamentals 
are shown in Table-6.4. Such a force field obtained from a single isotopomer frequencies 
might be considered as a good approximation but the reliability of this force field should 
be judged by its ability to predict the vibrational frequencies of CYSH. The fitted force 
field retains the ab initio PEDs in ail the frequencies. Hie 2571 cm"’ band is assigned to 
2 ^SH, the .vCC mode appears at 1052 cm"’ and 970 cm"’ and i^CS is assigned to the band at 
657 cm"’ . These are in good agreement with the earlier assignments of EtSH and Propane 
thiol (PrSH) [34], 

6.2.2 Eton 

In EtOH the most staggered conformation is the most stable one at 6-31G** level of calcu- 
lation [35]. The trans-gauche rotational barrier is known to be 4.89 kj / mol [36]. The earlier 
microwave study also indicates the trans form as the more stable one over the gauche 
form [37]. So we calculated the ab initio force field for the fully optimized staggered(trans) 
conformer of EtOH only at the required 6-3lG’^* le\^el of theory. In condensed phase there 
exists intermolecular H-bonding in EtOH and the corresponding vibrational spectra will 
be different from the isolated molecular spectra. However the isolated molecixle-ab initio 
model can serve as a reasonable approximation to the condensed phase % iorationai spectra 
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when fitted to the experimental numbers. Several experiment.jl vshr.Hsnnal spiH'tra ofEtOf 
in liquid, crystal and/or vapour phase are available m flu* hfer.iture For thi 

present study we used the liquid and cr\^stal froquencu's of Huf} ! and l/i ){ ) ,,} 
et al. [33]. The fitted numbers are in good agreement uu ail fhe fund.imenfals. except thi 
j/OH, which is highly overestimated in the isolated model talculaJutn cnmpared to 
condensed phase experimentally observed frequency. So this freouenc'v js not inrludec 
in the error estimation. The average error is 4.0 cm for the observed fundamentals Tb« 


normal modes obtained after fitting the experimental frequencies to the calculated onet 
agree well with the earlier reported assignments with tew exceptions Tht- h 'clM appeal 
as a mixed mode in the ab initio FED with at 14.1(1 cm h while the earlier exper- 
imental assignment was at 1328 cm*'', which we assicn to tfl I- mode Ihe a.vsi^nmenl 
of the corresponding dCOD (954 cm'd matches well with the eariuT assignment. We 
assigned the dCCO(oOH) mode at 439 cm ”*, which was earlier a.ssigned at cm ’ in IR 
and 660 cm"' in polarized Raman [33|. The useluinrav .,f tho r..l™l,.l,-cl (on e lidd could 

be tested by its abUity to predict the vibrational .spoctn of the side < ham rcsidim of SERH 

successfully. 


6.2.3 Vibrational Frequencies of CYSH 

The predicted frequencies of CYSH are given in Table-6.5 along with their PEI>s. The 
prediction is in good agreement with the experimental frequencies producing an average 
error of 11.9 cm ^ for CYSH spectra. Since glycine does not have any chiral carbon atom, 

e sea e actors for the methylene group is difficult to Iransfer to fhv lughor .immo acids. 

U ese en “S^odes generally appear around I{)0()-I4m cm-' ,md .1 .simple Durig's 

cham^rH CH reasonable agreement with the observed band.s in fhia region. The .side 
There > \ successfully represented by using the scale factors fmm EtSH. 

earlier re"” It 
samnt ofr T 

thesLtra ^me hydrochionde from S. D. Fine Chemicals, India I as a mull in Nujol in 

spectra 1301 |25) and the L-CYSzwitterionic 

spectra [30] are also mcluded in the TabIe-6.5 for a comparison. 
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The observed band at 3377 cm-^ in CYSH is assigned to and is calculated at 3407 

cm-h All the three bands are predicted above the bands at 3166, 3115 and 3019 

cm'h These bands are not obser\'ed in our spectra of CYSH and CYS-OMe. However in 
L-CYS zwitterion, these bands appear at 3167 and 3055 cin-^ . The i/SH band is predicted 
at 2590 cm and is obsen.''ed at 256/ cm ^ in the CYSH spectra. This assignment is in 
accordance with the obser\''ed bands at 2571 cm ^ in EtSH, 2564 cm~^ in PrSH and around 
2590 cm~^ in the model protein for cysteine residue [34] and also 2582 cm~^ in zwitterion. 
The lAZjS is predicted at 680 cm~^ and is also comparable to EtSH (660 cm~^) and PtSH 
(655 cm"') but appear at 696 cm'^ in the zwitterion. This band is not obser\^ed in our 
CYSH and CYS-OMe spectra. The i'C=0 band is slightly overestimated in the predicted 
spectra (1776 cm"^) and this mode is assigned to the obser\'ed band at 1743 cm“^ in CYSH 
and 1735 cm~ ' in CYS-OMe. This band is observed at 1750 cm~^ in glycine hydrochloride. 
Both the ol.N'^Hs appear very close in our predicted spectra followed by (5sN'*‘H3 band. 
Both the are predicted at 1634 and 1614 cm“^ and are assigned to the observed 

bands at 1633 and 1613 cm”' in our CYSH spectra and the lower one corresponds to 
the 1593 cm”' CYS-OMe spectra. These two bands are observed at 1616 cm”' in the 
zwitterion. The band is predicted at 1481 cm”' and is assigned to the observed 

band at 1490 cm”' in CYSH. In our predicted spectra the rOC+i/GO mode, appear above 
bCHa in accordance with glycine hydrochloride. But in zwitterion they appear in the 
reverse order. The predicted bands at 1444 and 1410 cm”' are assigned to uCC+i/CO 
and (iC.jHs and are observed at 1428 and 1399 cm”' in CYSH and 1437 and 1408 cm”' 
in CYS-OMe and 1427 and 1400 cm”' in the zwitterion. The dCOH mode is predicted at 
1348 cm”', and is observed at 1348 cm”' in CYSH spectra and obviously absent in the 
CYS-OMe and zwitterionic spectra. Both the '^CgHz and tC^H, modes are attributed to 
the predicted bands at 1292 and 1196 cm”' and are obser\^ed at 1309, 1203 cm”' in CYSH 
and 1313, 1205 cm”' in CY'S-OMe spectra. These bands appear at 1300 and 1201 cm”' in 
CVS zwitterion. Both the pN+Hs modes are predicted at 1161 and 1102 cm”' as expected 
and only one of them appear in our observed spectra. The 1069 cm predicted band 
is assigned to z/CcN” and is attributed to the observed band at 10a9 cm in CYSH and 
1068 cm”' in zwitterion. The observ^ed band at 736 cm in both the spectra is assigned to 
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jCO+iyCC+uCN-^ mode and is predicted at 732 cm" ^ Tlie lower frequt'ncy modes belo\\ 
400 cm~^ are not available and hence our predicted numbers cannot be compared. 

6.2.4 Vibrational Frequencies of SERH 

The predicted frequencies of SERH along with the FED is given in Fal^le-o.o. S.ime strategy 
of transferring the scale factors of glycine hydrochloride and Etl )! 1, as m i SI i \va.s used 
There is no report on the IR or Raman spectra of SERH in the literature excep't tliat reported 
from our laboratory earlier [25]. We have used the same reported spectra tor SERH and 
SER-OMe for the present study. Since only few bands are ob.served in thcxse two spectra 
it is difficult to judge the accuracy of our prediction. .\s a result, vibrational treuuendes 
from both L-serine and D,L-serine [29] are included in lable-o n. The av«‘rage error is 
difficult to estimate in such cases. In case of SERH and Sh.R-C)Mt* speclni the average is 
quite high (13.1 and 12.2 cm"’) for 11 and 17 observed frequencies resptvtivelv out of the 
expected 39 fundamentals. The i/OH is predicted above as expixied. Thei/ 

C=0 band is predicted at 1744 cm"’ and matches very well with the obsen-ed numbereat 
1734 m SERH ans 1735 in SER-OMe spectra. Both the H I , hands appear at the same 
region in our predicted spectra, as in case of CYSH. Both the aC .Hj and b.N * lU modes 
are predicted very close to each other, though appear below aC,H 2 . Many of 

the other modes pCCjH (1365), d'COH (1340), iCO + COH (1249), eN" H, (1174,1144), 
i^CN (1094) and xCO (728) in our predicted SERH spectra appear very similar to their 
corresponding observed frequencies. The tCH, (1297) appear above the .Xl b (1225) in 
the predicted SERH spectra, re\'erse to that of CYSH. Hie riC.OH mode is expected to 
appear at much higher frequency- compared to the rfC ,Si I mode in CYSI As a result the 
1437 cm ’ band m SERH correspond to rtC.,OH, whereas tht? rtC ,SI 1 band in CYSI 1 appear 
at 991 cm-’ m our prediction. A comparison of the ammo acid backbone and side chain 
frequencies of all related molecules used in the present study appear in Tabies-o.7 and 6.8. 

The predicted non redundant force constants of both CYSH and SERH are given in 
Table~6.9 and 6.10 respectively. 
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6.3 Conclusions 

The theoretical prediction of amino acid hydrochloride vibrational spectra based on iso- 
lated ab initio calculation is found to be very successful. The choice of right basis set 
is considered to be an important factor for mimicking the experimental spectra through 
isolated molecule ab initio model. The scale factors of smallest amino acid, glycine is 
found to be veiy useful in predicting the higher chiral amino acids. The earlier prediction 
of glycylglycine hydrochloride and the present study, led us to infer that this nonredim- 
dant set of scale factors of glycine hydrochloride could be used to predict successfully the 
vibrational spectra of other amino acids and structurally related dipeptides in acidic pH. 
Howe\'er further study of other amino acids is needed to verify this conclusion. This fur- 
ther implies that the structurally related small organic compounds can be used to mimic 
the amino acid side chain residues. 




a= C(I)-0(2)/S(2)-H(4). al= H(5)-C(l)-H(6). a2= C(3).C{J).H(5) 
a 3= C(3)-C(l)-H(6). bl= C(3)-C(I)-0(2)/S(2). b2= 0{2)/SC2|.ai 
b3= 0(2)/S(2)-C(l)-H(6), a 4= H(8)-C(3)-H(9). aS* H(7).C(3)-HC8) 

• 6=H(7).C(3)-H(9), b4. C(I).C(3)-H(7). M. C(l).C(3).Hfm, t.6. C(l| C(3).H(9) 


Figure 6.1: Internal coordinates of KtSl 1 ami tin )i I. 
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Figure 6.3: Optimized structure of a) CYSH and b) SERF! at level. 
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Table 6.1: Local symmetry coordinates of EtSH and EtOH * 


Si -8- 

ri_8(all stretch) 

Si5— a44-a5+a6-b4-b5~b6 (JsCHs) 

S9= 

4ai-a2-a3-b2-b3(()'CH2) 

Si6= 2a4-a3-a6((i.CH3) 

Sio= 

a2+a3-'b2”b3(ay’CH2) 

Si7= a3-a6((5.CH3) 

Sn = 

a2"a3+b2”b3 (pCH2) 

Si8= 2b4-b5-b6(pCH3) 

Si2= 

a2-a3-b2+b3 (tCH2) 

Sl9= b5-b6(pCH3) 

Sl3 = 

5bi-ai-a2-a3-b2-b3 {SCCS/6CC6) 

S 20 = ri_,(7-CS/rCO) 

Si4 = 

a (dCSH/d'COH) 

S 21 = r 3 _ 3 (rCC) 


* Internal coordinate numberings 

are according to Figure 6.1. 


Table 6.2: Local symmetry coordinates of CYSH and SERH * 


Sl-14- 

ri_i 4 (all stretch) 

$27= 

b 7 -bs(pCGO) 

Sl5 = 

ai+a2'+-a3“bi"'b2*“b3 

828 = 

as (5COH) 

Sl 6 = 

2ai "a2-"a3 ((5C /jCa C) 

$29= 

4a9-aio-aii-bio-bii ((5CpH2) 

Si7= 

a 2 -a 3 (pC,jC„C) 

830= 

aio+^ii^biQ-bix (-^C/3H2) 

Sis= 

2bi-b2-b3 ((iCjCrtH) 

631 = 

aiQ-aii+bio-bii (pCjHi) 

$19 = 

b 2 -b 3 (pCjC«H) 

832= 

aio"3n"bio+bn (tCpH 2 ) 

S20= 

a ((iC,,$H/d'QiOH) 

833 = 

Sbg-ag-aio-an-bio-bii ((5 CqC,3$/ pCqC^jO) 

$21 = 

a4+a5+a;,-b4”b5“b(^ (()shJ^H3) 

834= 

'• 710/" 25 (7^=0) 

$ 22 — 

2a4-a5-a6 (daN+Hs) 

835= 

ti 5/"48 (rCjS/rCjO) 

823 = 

, as-a^ ((iaN'^Hs) 

836= 

r26/ri3 (rC„N-) 

$24= 

2b4-b5-bf, (pN+Hs) 

837= 

'■l2/'ri4 (■'"CcCj) 

S25= 

b5-b6 (pN+Hs) 

838= 

T 27 /T 12 (rCcC) 

S26= 

2a7-b7-b8 (5COO) 

839= 

"TtII / "27 (tCO) 

_ _ „ j 2 j. tt: /I n 


Internal coordinate numberings are according to Figure 6.2. 
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Table 6.3: Optimized geometrical parameters of t.'YSI 1 and Sl-Rl I n'- IK?*) 


param CYSH SERH param CYSH 


ri 

1.530 

1.531 

as 

112.8 

^2 

1.083 

1.088 

b, 

110.2 

rs 

1.079 

1.083 

^2 

106.4 

r4 

1.818 

1.395 

bs 

107.0 

rs 

1.505 

1.497 

a4 

107.7 

re 

1.527 

1.518 

as 

108.2 

1*7 

1.085 

1.082 

^6 

108.6 

rs 

1.326 

0.946 

b4 

111.3 

rg 

1.176 

1.185 

bs 

109.5 

tio 

1.321 

1.304 

be 

111.5 

rii 

1.011 

1.012 

a? 

111.5 

ri2 

1.015 

1.013 

38 

111.0 

ri-. 

1.010 

1.009 

bz 

122.4 

ri4 

0.953 

0.952 

b8 

126.0 

a 

97.8 

112.2 

39 

107.5 

^1 

109.4 

107.0 

310 

109.8 

^2 

110.7 

108.5 

3ii 

108.1 


sren 

par*im 

'i 'i bi i 


b.. 

1 14 il 

10^14 

bjo 

lOn.n 

107.3 

bi! 

110,5 

110.7 


79,7 

109.4 


-n5..3 

106.4 


54.2 

110.0 

^721.1/^31412 

171.6 

110.4 

r7315/r2!48 

-6H.H 

111.9 

^12612/ ^4139 

-169.7 

108.8 

rwfiii/ Tsm 

70.6 

111.5 

^72612/ ^2139 

-44.8 

111.3 

ri27io/r4j3ft 

-31,0 

121.5 

"h271l!/ 

-154.7 

127.0 

r827t»/rei3e 

90.3 

108.7 

K27,4 

176,8 

110.6 

r 10711 is/ 7ft27j4 

-I "» 


108.3 


siiKiT 
' iKur 

UI.(^ 

U2.y 

173.5 

-72.2 

48.0 
46.7 

166.1 

81.1 
- 160.7 

* 41.9 

-114.1 

5.6 

122.3 

-179.4 

-0.4 


All internal coordinates are according tcn*igurell2 



Tal)le G.4: Fitted fromieiicics of EtSH and EtOH 
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Table 6.5: Predicted frequencies and PED oi C'i’SI { 


no. calc PED 


i‘\rt 


1 3407 z/OH 

2 3166 i/N+H 

3 3115 i^N+H 

4 3019 /^N+H 

5 3003 uCaH 

6 2950 i/CjH 

7 2934 

8 2590 i/SH 

9 1776 z^C=0 

10 1634 -i„N+H3 

11 1614 .5„N+H3 

12 1481 ,i,,N+H3 

13 1444 i^CC+z^CO+/jC,'C„H 

14 1410 JCjH, 

15 1357 

16 1348 <5C0H+JC,3C,H+/9N'"H3 

17 1292 

18 1221 i^CO+kOH+pC,3C«H 

19 1196 tC,3H2+6C,^CQH 

20 1161 pN+H3+pC,3CH 
pN+H3+tC,3H2+()'C iC„H 
iCc,N++JC,3SH 

6C3SH+f/Q,C3+pN^H3+/2CjH2 
;vCaN++//C„C,i+6C3SH+iC.,C 
.)N+C,C+7C0+//C,C 
/3CjH2+JCjSH 
'■CO+jyC„C+z/C„N'^ 

^C,S 

rCO+z/QjS 
.)COO+6C,CX 
,yCOO 

<)N+C,C+7CO+<iC.CiS 

/0CjCf|,C+6C,3CciC+rC jS 
rCaS 

/CjC„C+rC„N++<iCOO+aC ,QC+rCjS 

rGaN++rCjS 

aQCjS+6N"-C„C+-CC, 

-QCj 
-CaC 


21 1102 
22 1069 


23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 


991 

943 

852 

779 

732 

680 

621 

549 

513 

444 

327 

315 

270 

242 

193 

94 

59 


•*“ «* Il ' lllhll hiu,,, 

3167 


2‘M3 

2943 

25n7 

1743 

1633 

1613 

i4‘»n 

1428 

1 3‘<‘J 

1371 

1348 

1309 

1 

1203 

1141 

1141 

1059 

988 

931 

863 


/ /’ / 

736 

644 

524 

458 


3Pi)0 

2*^53 


1 735 

1 .503 

1437 

1408 

1377 

1313 

1205 

1176 

1176 

1009 
942 
882 
78 1 
736 

637 


3055 

2998 

2960 

2918 

2582 

1616 

1616 


1427 

1400 

1351 


13M 


1201 


1068 

1004 

943 

870 

773 

696 

642 


a. Ref. [26] and present study 

b. Ref. [31] 
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Table 6.6: Predicted frequencies and PED of SERH 



2 

3412 


3385 



3 

3155 

i/N+H 




4 

3132 

//N+H 




5 

3045 

/./N+H 




6 

3000 





7 

2970 

i>C^H 

— 

2956 

2975 

8 

2937 

!'CM2 

— 



2945 

9 

1744 

i'C=0 

1734 

1735 



10 

1628 


— 

— 

(1637) 

11 

1612 


— 

1596 

(1626) 

12 

1484 


— 





13 

1481 


— 



— 

14 

1471 

.i,N+H3+;'C-0+rC„C 

— 

1450 

1450 

15 

1437 


1408 

— 

1435 

16 

1365 

/X:,,C„H+(iC,,C.,H+^5COH 

— 

1378 

1364 

17 

1340 

.)COH+dC 

1344 

1346 

— 

18 

1297 

tC,iH2 

— 

1309 

1312 

19 

1249 

i^C-O+SCOH 

1242 

— 

1248 

20 

1225 

^QiHi+SCjOH 

— 

1227 

— 

21 

1174 

.5C,jQ,H+pN"H,-rtC^H2+pC,3H2 

' 

1177 

1180 

22 

1144 

pN+H3+/;CiC,H-i^C„N+ 

1132 

1131 

1162 

23 

1094 

//C,N++i/CC,i 

1077 

1064 

1095 

24 

1030 

^C.,0 

1025 

1044 

1030 

25 

980 

/X:,,H2+i/C,Cj+pN-"H3 

970 

— 

983 

26 

947 

/£:,,H2+i/CC,, 

— 

945 

— 

27 

852 

;/Cn^-+//:,H2+/>c„Cj 

829 

857 

849 

28 

728 

7 CO+rCO 

— 

— 

— 

29 

620 

f)COO+TCO 

— 

635 

(619) 

30 

583 

rCO+SC^C,0+!jCOO+iCO 

— 

562 

566 

31 

539 

SCOO+6N-CX 

538 

514 

525 

32 

425 

SCX.iO+SCOO+i'CCa 

— 

— 

— 

33 

340 

,5N+Co.C+c)CQ.C ,+dCaCjO 

— 

— 

— 

34 

300 

dCCX.}+SCOO+'xN-^CX+pCOO 

— 

— 


35 

265 

rCjO 

■■■■ 

■ 

““ 

36 

201 

rCaN++/)CC^Cj 

' 




37 

177 

rCaN++pCC«Ci 

■ 



38 

114 

rCaQ) 




39 

65 

-CC^+rCO 

u ram 




a. Ref. [26] 

Numbers in the parentheses are from 


D,L-serine^^ 


b. Ref. [30] 



Table 6.7: Comparative calculated frequencies ot 
the amino acid hvdrochloride backbone 


CYSH SERH GH- GGH” FED 


3407 

3412 

3412 

3166 

3155 

3179 

3115 

3132 

3124 

3019 

3045 

3060 

1776 

1744 

1746 

1634 

1628 

1616 

1614 

1612 

1610 

1481 

1481 

1512 

1348 

1340 

1378 

1221 

1249 

1252 

1161 

1174 

1148 

1102 

1144 

1121 

1069 

1094 

1042 

732 

728 

657 

549 

539 

598 


3436 eOH 
3161 eN'H 
3109 I'N'H 
2964 

1738 eC=0 

1641 

1602 

1472 

1362 .iC:OH+..CIi: 
1247 

1155 eN'H-. 

1126 eN'H-. 

1050 eCN- 
661 'C=t) 

594 .)aX)+.iN'( f 


a. Ref.[l] 


Table 6.8: Comparative calculated frequencies of 
the amino acid hydrochloride sidechain 


EtSH 

CYSH 

EtOH 

— 


3336 

2932 

3003 

2920 

2902 

2950 

2877 

2571 

2590 


1434 

1410 

1494 

1273 

1292 

1277/ 



1446 

1251 

1196 

1318 

— 

— 

1051 

737 

779 

799/ 



1153 


SERH 

PEi) 

3490 

eOH 

3000 

iCHj 

2937 

eCH? 


/'SI i 

1484 

aCHj 

1225/ 


1437 

1297 

tCHj 

1030 

//C-O 

947/ 

fCH2 

980 
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Table 6 . 9 : Non-redundant scaled force constants of CYSH 
1 4.321 


1 

.067 

2 

4.872 











1 

.036 

2 

.024 

3 

4.866 









1 

.222 

2 

.063 

3 

.038 

4 

3.145 







1 

.204 

2 

.021 

3 

-.018 

4 

-.009 

5 

4.533 





1 

.193 

2 

-.009 

3 

-.038 

4 

-.009 

5 

.187 

6 

5.042 



1 

.064 

2 

.006 

3 

.006 

4 

-.004 

5 

.068 

6 

.073 

7 

4.737 

1 

-.006 

2 

-.015 

3 

.008 

4 

-.012 

5 

.002 

6 

-.004 

7 

.000 

8 

3.862 













1 

-.007 

2 

-.005 

3 

.009 

4 

.032 

5 

.039 

6 

.420 

7 

-.003 

8 

-.003 

9 

12.134 











1 

-.025 

2 

.007 

3 

-.005 

4 

-.009 

5 

.053 

6 

.321 

7 

.003 

8 

.002 

9 

1.177 

10 

6.588 









1 

-.008 

2 

.002 

3 

-.003 

4 

-.005 

5 

.051 

6 

-.039 

7 

.001 

8 

.000 

9 

-.003 

10 

-.062 

11 

5.506 







1 

.005 

2 

.003 

3 

.000 

4 

.004 

5 . 

.111 

6 

-.001 

7 

-.011 

8 

-.001 

9 

-.035 

10 

.005 

11 

.023 

12 

5 . 124 





1 

.009 

2 

.002 

3 

.000 

4 

.001 

5 

.033 

6 

-.014 

7 

.007 

8 

.000 

9 

-.009 

10 

-.001 

11 

.013 

12 

.013 

13 

5.396 



1 

.003 

2 

-.002 

3 

.002 

4 

.002 

5 

.004 

6 

-.011 

7 

.004 

8 

.000 

9 

-.087 

10 

.153 

11 

-.002 

12 

.004 

13 

.001 

14 

6.499 

1 

.318 

2 

.014 

3 

.000 

4 

.012 

5 

.186 

6 

.256 

7 

-.120 

8 

-.009 

9 

.050 

10 

.030 

11 

-.016 

12 

.016 

13 

.013 

14 

.003 

15 

1.084 













1 

-.295 

2 

-.018 

3 

.026 

4 

-.006 

5 

.266 

6 

.286 

7 

.014 

8 

.006 

9 

.056 

10 

.127 

11 

-.070 

12 

-.030 

13 

.014 

14 

.006 

15 

.061 

16 

1.322 











1 

.066 

2 

-.018 

3 

.058 

4 

.033 

5 

.310 

6 

-.238 

7 

.004 

8 

.011 

9 

-.013 

10 

-.049 

11 

.008 

12 

.002 

13 

-.016 

14 

-.002 

15 

.115 

16 

-.007 

17 

1.112 









1 

.137 

2 

-.001 

3 

.001 

4 

.044 

5 

- . 179 

6 

-.088 

7 

-.030 

8 

-.002 

9 

-.005 

10 

-.027 

11 

.008 

12 

.000 

13 

.006 

14 

-.001 

15 

-.004 

16 

-.044 

17 

-.017 

18 

.609 







1 

-.013 

2 

-.002 

3 

.008 

4 

-.004 

5 

.304 

6 

-.099 

7 

-.025 

8 

-.006 

9 

-.036 

10 

-.021 

11 

-.012 

12 - 

-.002 

13 

-.019 

14 

.000 

15 

-.093 

16 

.008 

17 

.020 

18 

-.051 

19 

.711 






.011 

2 

.017 

3 

-.017 

4 

.227 

5 

-.007 

6 

.004 

7 

-.001 

8 

-.004 

9 

.022 

10 

-.009 

11 

.000 

12 

-.006 

13 

.000 

14 

.002 

15 

.014 

16 

-.008 

17 

.003 

18 

-.001 

19 

.002 

20 

.846 
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Table 6.9: (Continued): Non-redundant scaled force c;.inr'.T..inT,.n of CYSH 


21 

1 

.002 

2 

-.005 

; 3 

.000 

4 


8 

-.002 

9 

-.002 

: 10 

-.023 

11 


15 

-.004 

16 

-.022 

17 

-.019 

18 

22 

1 

.014 

2 

.006 

3 

-.001 

4 


8 

-.001 

9 

.004 

10 

-.010 

11 


15 

.004 

16 

-.041 

17 

.011 

18 


22 

.593 






23 

1 

.011 

2 

.002 

3 

.000 

4 


8 

.001 

9 

-.017 

10 

.031 

11 


15 

.020 

16 

-.005 

17 

.017 

18 


22 

-.009 

23 

.586 




24 

1 

.020 

2 

-.008 

3 

.004 

4 


8 

-.001 

9 

-.042 

10 

.048 

11 


15 

.046 

16 

-.054 

17 

.062 

18 


22 

-.013 

23 

-.008 

24 

.740 


25 

1 

-.011 

2 

-.008 

3 

-.002 

4 


8 

.003 

9 

-.026 

10 

.005 

11 


15 

-.063 

16 

o 

0 

1 

17 

-.008 

18 


22 

-.007 

23 

.030 

24 

-.005 

25 

26 

1 

.034 

2 

.000 

3 

.020 

4 


8 

.003 

9 

-.613 

10 

.456 

11 


15 

.067 

16 

.164 

17 

-.035 

18 


22 

-.010 

23 

-.007 

24 

.008 

25 

27 

1 

-.016 

2 

.004 

3 • 

-.031 

4 


8 

-.007 

9 • 

-.078 

10 • 

-.288 

11 


15 

.066 

16 

.099 

17 • 

-.067 

18 


22 • 

-.002 

23 

.010 

24 

.003 

25 

28 

1 

.007 

2 

.001 

3 

.001 

4 


8 

.000 

9 

.028 

10 

.208 

11 


15 

.005 

16 - 

-.015 

17 • 

-.015 

18 


22 

.002 : 

23 

.007 

24 

.018 

25 

29 

1 - 

-.151 

2 

.056 

3 

.060 

4 


8 

.001 

9 - 

-.023 

10 

.006 

11 


15 - 

-.019 : 

16 

.019 

17 - 

-.019 

18 


22 - 

-.004 23 - 

-.003 

24 - 

-.001 

25 


29 

.537 






30 

1 

.228 

2 

.009 

3 

.030 

4 


8 - 

-.003 

9 

.020 

10 

.014 

11 


15 

.050 16 - 

-.054 

17 

.014 

18 


22 

.001 23 

.000 : 

24 

.009 

25 


29 - 

-.013 30 

.591 





.002 

5 

-, 27 fi 

6 

- . 002 

7 

-.008 

.041 

12 

.015 

1,3 


14 

-.006 

.011 

19 

-.028 

20 

,001 

21 

.553 

.003 

5 

-.011 

6 

- ,013 

7 

-.001 

1 

O 

m 

o 

12 

. 053 

13 

,047 

14 

-.001 

-.009 

19 

. 005 

20 

. 004 

21 

.009 

.003 

5 

,001 

fi 

- , 005 

7 

-.002 

.022 

12 

, 0 £S 

1 *3 

» 

- „ 090 

14 

.006 

.011 

19 

-. oi :’ 

20 

- ,001 

21 

-.001 

-.007 

5 

,010 

6 

oil 

7 

.002 

.052 

12 

- , 053 

A 

- 008 

14 

,008 

.013 

19 

-.032 

20 

.002 

21 

-.004 

.006 

5 

.019 

6 

- 004 

7 

.006 

-.002 

12 

. 102 

13 

- .021 

14 

.004 

-.034 

19 

. 06.5 

20 

.002 

21 

-.008 

.760 







.011 

5 

-.084 

6 

,306 

7 

.001 

-.066 

12 

-.016 

13 

-006 

14 

.070 

-.031 

19 

.010 

20 

.007 

21 

.025 

.022 

26 

1.474 





-.001 

5 

.085 

6 

.351 

7 

.005 

o 

o 

12 

-.009 

13 

- . 004 

14 

.054 

-.002 

19 

-.024 

20 

-.001 

21 

-.014 

-.016 

26 

.127 

27 

,916 



.001 

5 

.016 

6 

.043 

7 

.002 

.004 

12 

,003 

13 

.001 

14 

.131 

-.001 

19 

-.002 

20 

.001 

21 

-.012 

.004 

26 

. 09 ? 

27 

,115 

28 

.803 

-.121 

5 ' 

-.017 

6 

.004 

7 

.000 

-.001 

12 ■ 

-.002 

13 

,000 

14 

-.002 

.012 

19 ■ 

-.003 

20 ■ 

-.015 

21 

.004 

.004 

26 ■ 

-.013 

27 

.005 

28 

-.002 

-.254 

5 

.046 

6 

.011 

7 

-.006 

.000 

12 ■ 

-.011 

13 ■ 

-.003 

14 

.000 

-.017 

19 • 

-.003 

20 ■ 

-.045 

21 

-.007 

-.001 

26 

.021 

27 

.001 

28 

.003 



137 


Table 6.9: (Continued): Non-redundant scaled force constants of CYSH 


31 

1 

.048 

2 

.106 

3 

-.058 

4 

-.012 

5 

-.061 

6 

-.003 

7 

-.010 


8 

.021 

9 

-.020 

10 

.042 

11 

.001 

12 

.007 

13 

.005 

14 

-.003 


15 

.017 

16 

.007 

17 

.008 

18 

-.011 

19 

( 

o 

CD 

20 

.089 

21 

.007 


22 

-.006 

23 

.009 

24 

-.026 

25 

-.001 

26 

.026 

27 

-.018 

28 

.001 


29 

.002 

30 

.003 

31 

.787 









32 

1 

-.005 

2 

.017 

3 

-.044 

4 

.001 

5 

-.045 

6 

.008 

7 

-.004 


8 

-.013 

9 

.000 

10 

.022 

11 

.002 

12 

.005 

13 

.004 

14 

-.001 


15 

-.028 

16 

.009 

17 

-.115 

18 

-.003 

19 

.008 

20 

-.089 

21 

.002 


22 

.010 

23 

-.007 

24 

-.023 

25 

-.006 

26 

.016 

27 

-.004 

28 

.003 


29 

-.015 

30 

.018 

31 

.012 

32 

.572 







33 

1 

.354 

2 

-.054 

3 

-.029 

4 

.285 

5 

-.071 

6 

-.018 

7 

.030 


8 

-.012 

9 

.030 

10 

-.032 

11 

-.007 

12 

.034 

13 

-.001 

14 

-.001 


15 

.124 

16 

-.018 

17 

.088 

18 

.080 

19 

-.016 

20 

-.006 

21 

.029 


22 

.016 

23 

.014 

24 

-.005 

25 

-.024 

26 

-.006 

27 

.006 

28 

-.001 


29 

.016 

30 

.004 

31 

.026 

32 

-.033 

33 

1.044 





34 

1 

.003 

2 

-.002 

3 

-.002 

4 

.000 

5 

-.020 

6 

.049 

7 

.020 


8 

-.005 

9 

.003 

10 

.001 

11 

-.012 

12 

.000 

13 

-.001 

14 

.002 


15 

-.053 

16 

.008 

17 

.014 

18 

-.039 

19 

-.054 

20 

-.001 

21 

.001 


22 

.004 

23 

1 

o 

o 

CD 

24 

.014 

25 

.000 

26 

.026 

27 

.034 

28 

.001 


29 

.003 

30 

-.002 

31 

-.012 

32 

-.004 

33 

.010 

34 

.450 



35 

1 

.014 

2 

-.002 

3 

.007 

4 

-.017 

5 

.000 

6 

.006 

7 

.000 


8 

.016 

9 

.004 

10 

-.001 

11 

-.002 

12 

.005 

13 

-.002 

14 

.002 


15 

.018 

16 

.006 

17 

-.027 

18 

.003 

19 

-.002 

20 

-.014 

21 

.001 


22 

-.020 

23 

.012 

24 

.009 

25 

.004 

26 

.000 

27 

.005 

28 

.001 


29 

.006 

30 

.013 

31 

-.049 

32 

-.003 

33 

.049 

34 

-.005 

35 

.096 

36 

1 

-.022 

2 

.002 

3 

.000 

4 

.008 

5 

-.018 

6 

-.027 

7 

.005 


8 

.001 

9 

.003 

10 

-.017 

11 

-.017 

12 . 

-.033 

13 

.006 

14 

-.001 


15 

-.022 

16 

-.029 

17 

-.011 

18 

.017 

19 

-.011 

20 

-.004 

21 

-.011 


22 

-.030 

23 

.003 

24 

.009 

25 

.035 

26 

-.027 

27 

-.006 

28 

-.004 


29 

-.001 

30 

-.001 

31 

.004 

32 

-.008 

33 

-.010 

34 

-.005 

35 

.019 


36 

.118 













37 

1 

.100 

2 

-.017 

3 

-.005 

4 

.032 

5 

-.004 

6 

.018 

7 

-.008 


8 

.029 

9 

-.007 

10 

.008 

11 

-.004 

12 

.011 

13 

.001 

14 

.000 


15 

.059 

16 

-.010 

17 

.087 

18 

.000 

19 

-.041 

20 

.013 

21 

.005 


22 

-.034 

23 

.027 

24 

.008 

25 

.005 

26 

.002 

27 

.005 

28 

.000 


29 

.017 

30 

.008 

31 

.081 

32 

-.043 

33 

.057 

34 

-.010 

35 

.046 


36 

.022 

37 

.246 











38 

1 

.015 

2 

-.002 

3 

.006 

4 

.004 

5 

.014 

6 

.015 

7 

-.005 


8 

.010 

9 

-.040 

10 

.033 

11 

-.024 

12 

-.008 

13 

.000 

14 

.003 


15 

.012 

16 

.088 

17 

.031 

18 

-.030 

19 

.016 

20 

.004 

21 

-.007 


22 

.008 

23 

-.025 

24 

.006 

25 

.001 

26 

.088 

27 

-.035 

28 

-.004 


29 

-.001 

30 

-.003 

31 

.013 

32 

.002 

33 

-.001 

34 

-.001 

35 

.008 


36 

-.008 

37 

.021 

38 

.090 
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Table 6.9; ( Continued ): Hon-redundant scaled force C'm.'it ant.n of CYSH 


39 1 

-.001 

2 

.001 

3 

.000 

4 

8 

.000 

9 

-.003 

10 

.008 

11 

15 

.004 

16 

1 

O 

o 

00 

17 

O 

o 

18 

22 

.000 

23 

.000 

24 

1 

o 

o 

25 

29 

1 

o 

o 

30 

.000 

31 

.001 

32 

36 

.000 

37 

-.004 

38 

.001 

39 



Table 6 . 10 : 

Won-redundant scaled 

1 

1 

4.558 






2 

1 

.068 

2 

4.802 




3 

1 

.035 

2 

.041 

3 

4.891 


4 

1 

.382 

2 

.185 

3 

.142 

4 

5 

1 

.210 

2 

.020 

3 

-.024 

4 

6 

1 

.168 

2 

.005 

3 

-.016 

4 

7 

1 

.044 

2 

-.014 

3 

.007 

4 

8 

1 

-.008 

2 

-.009 

3 

-.003 

4 


8 

6.804 






9 

1 

-.047 

2 

.016 

3 

-.005 

4 


8 

-.007 

9 

11.578 




10 

1 

-.000 

2 

.006 

3 

.011 

4 


8 

-.003 

9 

1.159 

10 

7.267 


11 

1 

.003 

2 

-.002 

3 

-.002 

4 


8 

.003 

9 

-.033 

10 

.002 

11 

12 

1 

-.012 

2 

-.000 

3 

-.003 

4 


8 

.002 

9 

-.004 

10 

-.013 

11 

13 

1 

-.030 

2 

.005 

3 

.004 

4 


a 

-.008 

9 

.004 

10 

-.012 

11 

14 

1 

.009 

2 

.001 

3 

.002 

4 

15 

8 

.003 

9 

-.088 

10 

.144 

11 

1 

.144 

2 

.002 

3 

.017 

4 


8 

.006 

9 

.039 

10 

-.004 

11 


15 

.963 






16 

1 

-.298 

2 

-.006 

3 

.012 

4 


8 

-.006 

9 

.060 

10 

.016 

11 


15 

.193 

16 

1.313 




17 

1 

.235 

2 

-.008 

3 

.021 

4 


8 

.010 

9 

-.076 

10 

-.021 

11 

18 

15 

.185 

16 

-.175 

17 

1 . 120 


1 

. 180 

2 

.018 

3 

-.013 

4 


8 

-.000 

9 

-.025 

10 

-.002 

11 


15 

.034 : 

L 6 

-.024 

17 

.002 

18 


O 

0 

1 

5 

.002 

6 

-.010 

7 

-.002 

.003 

12 

,003 

13 

,0C;0 

14 

.001 

.007 

19 

,010 

20 

■ DM 

21 

.000 

-.001 

26 

- . 005 

ir," 

- . 0 J 3 

28 

.003 

.002 

33 

- . 002 

34 

-.013 

35 

-.003 


.158 


force constants of GERH 


4.986 







.004 

5 

4.857 





-.027 

5 

.172 

6 

5 156 



.002 

S 

.065 

6 

,052 

7 

4.849 

-.027 

5 

.000 

6 

002 

7 

.000 

.064 

5 

.035 

6 

.501 

7 

-.003 

.007 

5 

.005 

6 

.258 

7 

.003 

.006 

5 

.070 

6 

- .037 

7 

-.015 

5.460 

-.006 

5 

,026 

6 

-.007 

7 

.009 

.023 

12 

5.426 





-.059 

5 

,095 

6 

- 018 

7 

-.001 

.015 

12 

.011 

13 

5. 252 



-.009 

5 

-.002 

6 

-.016 

7 

.004 

.001 

12 

.002 

13 

.002 

14 

6.519 

.015 

5 

.227 

6 

.263 

7 

-.098 

-.037 

12 

.012 

13 

-.015 

14 

.005 

-.087 

5 

.242 

6 

.361 

7 

.002 

-.042 

12 

-.029 

13 

.005 

14 

.006 

-.010 

5 

.361 

6 

-.102 

7 

015 

-.029 

12 

.002 

13 

-.013 

14 

- 001 

-.017 

5 

-.168 

6 

-.086 

7 

-.013 

-.006 

12 

.015 

13 

.004 

14 

.000 


.622 
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Table 6.10: (Continued): Non-redundant* 4 = 

ieaunaant scaled force constants of SERH 


19 

1 

.039 

2 


8 

.002 

9 


15 

-.054 

16 

20 

1 

.049 

2 


8 

.075 

9 


15 

.007 

16 

21 

1 

.007 

2 


8 

-.004 

9 


15 

-.016 

16 

22 

1 

.006 

2 


8 

-.003 

9 


15 

-.013 

16 


22 

.584 


23 

1 

-.018 

2 


8 

-.003 

9 


15 

-.032 

16 


22 

.009 

23 

24 

1 

.010 

2 


8 

-.000 

9 


15 

-.071 

16 


22 

-.015 

23 

25 

1 

.015 

2 


8 

-.007 

9 


15 

-.003 

16 


22 

.002 

23 

26 

1 

-.002 

2 


8 

-.003 

9 


15 

.026 

16 


22 

1 

b 

o 

23 

27 

1 

.006 

2 


8 

-.004 

9 


15 

.064 

16 


22 

-.003 

23 

28 

1 

.005 

2 


8 

.002 

9 


15 

.018 

16 


22 

-.003 

23 

29 

1 

-.119 

2 


8 

.005 

9 


15 

-.006 

16 


22 

-.000 

23 


OQ 

dmlJ 

.564 



-.005 

3 

.007 

4 

-.060 

10 

-.020 

11 

.020 

17 

.090 

18 

.008 

3 

.004 

4 

.006 

10 

.003 

11 

-.016 

17 

-.013 

18 

-.004 

3 

.002 

4 

-.020 

10 

.008 

11 

-.026 

17 

-.016 

18 

-.002 

3 

.002 

4 

-.010 

10 

.006 

11 

-.020 

17 

.006 

18 

-.007 

3 

.002 

4 

.047 

10 

-.023 

11 

-.015 

.573 

17 

-.034 

18 

. 012 

3 

-.002 

4 

.040 

10 

-.049 

11 

-.019 

17 

-.019 

18 

to 

0 

1 

24 

.769 


.000 

3 

.008 

4 

.032 

10 

-.033 

11 

-.075 

17 

.045 

18 

.014 

24 

.006 

25 

.004 

3 

-.023 

4 

-.644 

10 

.376 

11 

.062 

17 

-.021 

18 

.020 

24 

-.003 

25 

.006 

3 

.006 

4 

.064 

10 

-.274 

11 

.081 

17 

-.032 

18 

-.019 

24 

-.008 

25 

.000 

3 

.003 

4 

.019 

10 

.246 

11 

.025 

17 

.004 

18 

.002 

24 

.001 

25 

.085 

3 

.079 

4 

-.005 

10 

-.000 

11 

.001 

17 

-.022 

18 

.004 

24 

-.004 

25 


■004 5 .311 6 

■Oil 12 -.021 13 
-.090 19 .702 

.354 5 .022 6 

.002 12 .002 13 
-.003 19 .002 20 

-.009 5 -.303 6 

•039 12 .065 13 

•014 19 -.017 20 

-.004 5 .003 6 

-.063 12 .028 13 

-.017 19 .010 20 

-.004 5 -.024 6 

.049 12 .103 13 

-.011 19 .008 20 

-.019 5 .006 6 

.064 12 -.004 13 

-.029 19 .060 20 

-.028 5 -.008 6 

.017 12 .024 13 

-.007 19 -.007 20 

.777 

.005 5 .171 6 

.002 12 .002 13 

.026 19 .023 20 

-.016 26 1.176 

.023 5 -.059 6 

-.028 12 -.022 13 
-.022 19 -.037 20 
-.001 26 .057 27 

-.006 5 .020 6 

-.002 12 .000 13 

.002 19 - .001 20 

-.002 26 .102 27 

-.206 5 -.010 6 

.001 12 .000 13 

-.013 19 .002 20 

-.005 26 .002 27 


-.079 

7 

-.014 

-.003 

14 

.003 

-.001 

7 

.001 

-.004 

14 

.000 

.830 

.002 

7 

-.008 

.002 

14 

-.004 

-.014 

21 

.562 

-.008 

7 

.000 

.018 

14 

-.000 

CN 

O 

O 

1 

21 

-.004 

-.025 

7 

-.000 

-.070 

14 

.003 

.001 

21 

.021 

-.023 

7 

.005 

-.050 

14 

.003 

-.011 

21 

-.011 

-.024 

7 

-.005 

-.122 

14 

.003 

-.022 

21 

-.001 

.092 

7 ' 

-.023 

.001 

14 

.064 

-.002 

21 

-.033 

.457 

7 

.015 

-.018 

14 

.057 

.002 

21 

.015 

1.015 

.048 

7 

.003 

-.000 

1 

.139 

.000 

21 

-.006 

.116 

28 

.805 

.006 

7 

-.002 

-.004 

14 

-.000 

.008 

21 

.002 

o 

o 

0 

1 

28 

-.001 
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Table 6 . 10 : ( Continued ): Non-redundant scaled force of 


30 1 . 226 2 

8 .030 9 

15 .012 16 

22 -.002 23 
29 -.008 30 

31 1 .079 2 

8 .007 9 

15 -.058 16 

22 . 020 23 
29 -.007 30 

32 1 -.011 2 

8 -.004 9 

15 -.064 16 

22 -.007 23 

29 -.002 30 

33 1 .543 2 

8 . 054 9 

15 .085 16 

22 .006 23 
29 -.027 30 

34 1 -.012 2 

8 -.001 9 

15 -.061 16 

22 -.007 23 

29 .002 30 

35 1 -.009 2 

8 -.007 9 

15 -.006 16 

22 -.002 23 
29 -.001 30 

36 1 -.021 2 

8 -.003 9 

15 -.009 16 

22 . 064 23 

29 -.002 30 
36 .080 

37 1 -.233 2 

8 -.003 9 

15 .014 16 

22 -.036 23 
29 .002 30 

36 -.018 37 


.007 

3 

.010 

4 

.005 

10 

.017 

11 

-.035 

17 

.064 

18 

-.001 

24 

-.004 

25 

.697 




.083 

3 

-.073 

4 

-.008 

10 

.003 

11 

.008 

17 

.019 

18 

.006 

24 

.003 

25 

.012 

31 

.753 


.043 

3 

-.040 

4 

.015 

10 

-.012 

11 

.048 

17 

-.084 

18 

-.004 

24 

.010 

25 

.014 

31 ' 

-.068 

32 

-.045 

3 ■ 

-.042 

4 

.056 

10 

.050 

11 

-.154 

17 

.080 

18 

-.025 

24 

.027 

25 

.123 

31 

.110 

32 

-.004 

3 - 

-.009 

4 

.012 

10 

.009 

11 

.031 

17 

.048 

18 


.003 24 -.013 25 
-.003 31 -.004 32 

-.002 3 -.003 4 

•000 10 .004 11 
■004 17 -.013 18 
•001 24 -.003 25 
•002 31 -.028 32 

•002 3 .003 4 

-•016 10 .018 11 
•001 17 -.035 18 
•025 24 .017 25 

-•004 31 .009 32 

•018 3 .006 4 

.016 10 -.006 11 
•046 17 -.103 18 

-.013 24 .001 25 

-.034 31 -.071 32 

.170 


-.416 

5 

,049 

6 

-.002 

12 

-.000 

13 

.034 

19 

- . 000 

20 

.003 

26 

,004 

27 

.059 

5 

-.073 

6 

.001 

12 

~ . ocs 

13 

.061 

^ Q 

A S? 

.026 

20 

-.011 

26 

-.002 


-.032 

5 

-.042 

6 

.005 

12 

-.001 

13 

.052 

19 

- 005 

20 

-.014 

26 

.004 


.735 




.611 

5 

-.086 

6 

-.013 

12 

-.012 

13 

-.059 

19 

.040 

20 

.003 

26 ■ 

-.019 

27 

-.029 

33 ; 

1.607 



-.010 5 -.002 6 


.009 

12 

-.000 

13 

-.027 

19 

-.052 

20 

.007 

26 

.001 

27 

1 

o 

o 

33 

-.025 

34 

.003 

5 

.010 

6 

.002 

12 

-.000 

13 

.001 

19 

-.002 

20 

o 

0 

1 

26 

-.001 

2 ? 

.010 

33 

-.002 

34 

-.002 

S 

-.042 

6 

-.042 

12 

.010 

13 

m 

o 

o 

19 

-.010 

20 

.005 

26 

.002 

27 

o 

o 

33 

-.008 

34 

-.052 

5 

.020 

6 

.004 

12 

.008 

13 

-.027 

19 ■ 

-.039 

20 

-.001 

26 

.016 

27 

.016 

33 ■ 

-.140 

34 


- or,’ 7 

.007 

-or 

' 14 

■002 


-.010 

Uf'V 

' 28 

.002 

“* , 07 1 


.039 

- , (:k <i 

■ 1 4 

- 000 

0('-4 


013 

- 0( 

> rs 

000 

- 015 

7 

.012 

007 

14 

- . 001 

- . 010 

*"■* 1 

4 

,001 

- , 005 

28 

-.001 

0.10 

7 

-029 

- 036 

14 

-.005 

.083 

21 

.039 

.048 

28 

-.002 

.000 

7 

.016 

-.000 

14 

.001 

-.005 

21 

.004 

.001 

28 

-.000 

.438 



.001 

7 

-.003 

.002 

14 

-.000 

.016 

21 

-.005 

.002 

28 

“.000 

,000 

35 

.031 

-.028 

j 

.007 

-.018 

14 ■ 

-.001 

-.001 

21 ■ 

-.009 

-.014 

28 ■ 

-.004 

.003 

35 ■ 

-.004 

.015 

7 . 

-.005 

.004 

14 - 

-.000 

-.006 

21 - 

-.011 

- . 005 

28 ■ 

-.001 

.010 

35 

.010 
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Table 6 . 10 : ( Continued ): Non-redundant scaled force constants of SERH 


1 

-.002 

2 

.004 

3 

-.013 

4 

.008 

5 

.023 

6 

.007 

7 

.016 

8 

-.002 

9 

-.014 

10 

.006 

11 

-.032 

12 

.002 

13 

-.014 

14 

.000 

15 

.093 

16 

-.067 

17 

-.008 

18 

.042 

19 

-.012 

20 

.001 

21 

-.018 

22 

.001 

23 

-.021 

24 

.026 

25 

-.022 

26 

.006 

27 

.009 

28 

.004 

29 

-.006 

30 

.003 

31 

-.003 

32 

.005 

33 

.004 

34 

.014 

35 

-.001 

36 

-.047 

37 

.008 

38 

.173 









1 

-.003 

2 

.002 

3 

-.001 

4 

-.003 

5 

.013 

6 

.007 

7 

.003 

8 

.000 

9 

-.001 

10 

-.010 

11 

-.001 

12 

.001 

13 

-.015 

14 

-.001 

15 

.022 

16 

-.046 

17 

.009 

18 

.017 

19 

-.010 

20 

.000 

21 

-.008 

22 

-.013 

23 

-.007 

24 

-.001 

25 

-.016 

26 

.008 

27 

-.000 

28 

.006 

29 

.001 

30 

.000 

31 

-.000 

32 

.001 

33 

-.001 

34 

.002 

35 

-.000 

36 

-.031 

37 

.002 

38 

.078 

39 

.073 
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Chapter 7 

Vibrational Analysis of Glycine 
Zwitterion 


In this chapter, vibrational analysis of the smallest amino acid, glycine (Gly) is presented 
using Onsager reaction field approach. A complete set of scale factors is obtained for this 
important amino acid by using the fitting procedure described in chapter 3. 

Gly, the smallest member of the amino acid family was the center of attention of many 
investigations [1-22]. Gly is one of the non essential amino acids and most commonly 
found in proteins along with leucine and serine. Gly is one of the three amino acids 
essential for the biosynthesis of the non-proteinic nitrogenous material, creatine, in human 
and animal tissues. Gly and succinyl CoA are the starting compoimds in heme synthesis. 
Its role in the genesis of nucleotide purine ring as one of the important amino acids cannot 
be augmented [23]. 

The experimental IR and Raman spectra of Gly in solution phase is very limited [24,25]. 
This is because in aqueous solution, the absorption due to the water molecules, especially 
in the mid IR range, interferes with that of Gly. As a result most of the recent spectroscopic 
studies of Gly are based on a crystalline form [26-28]. Another important point is that 
since there is no chiral carbon atom in Gly, the more accurate solution phase VCD and 
ROA measurements are not available. As a result the correct interpretation of the available 
solution and/or solid phase experimental spectra requires a good theoretical model. 

The structure of Gly is completely different in the gas and liquid phases. In gas phase 
it exhibits a non-ionic structure (NH 2 CH 2 COOH), whereas in the liquid or solid it exists 
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as a zwitterion (N+H 3 CH 2 COO-). The ab initio potential energy surface (PES) of gaseous 
Gly has been studied extensively [1-14]. But the theoretical studies on Gly zwitterion 
are relatively few [20-22]. Attempts to study the isolated Gly zwitterion using ab initio 
methods have not been successful so far because the calculation of isolated Gly zwitterion 
either goes to the gas phase structure or even when optimized restrictively generates 
imaginary frequency. For example, attempts to deduce the ab initio force field on the 
Gly zwitterion crystal geometry retains the residual linear forces because this is not a 
true minima in the PES [20]. Here we show that the choice of appropriate basis set can 
reach the right minima in the PES but suffer from the intramolecular H-bonding problem 
which is absent in solid or solution phase. As a result such ab initio calculation on isolated 
molecule cannot reproduce the true features of experimental vibrational spectra. The extra 
stability of amino acid zwitterion in the solution or solid phase over the gas phase, comes 
through the interaction with the solvent and through the intermolecular interactions. 
Thus the effect of the solvent environment and the intermolecular H-bonding cannot be 
ignored in the theoretical calculation of amino acid zwitterion. Two different theoretical 
approaches have emerged for the improvement of the ab initio model in this regard; 
the supermolecular approach and the Onsager reaction field model. As disctissed in 
chapter 5, the supermolecular approach although produces improved results over the 
ab initio force field, difficult to generalize to higher systems. This is because with the 
increase in the number of atoms, the number of water molecules also increases and hence 
becomes computationally intensive. Also the PEDs get mixed up with the water modes 
and is difficult to separate. Using the more general Onsager reaction field approach with 
judicial choice of basis set and the radius of the molecular volume at a particular dielectric 
medium appears to give the more appropriate solution for describing the amino acid 
zwitterions. 

Thus in this chapter our endeavour is to present a solvated Gly zwitterion calculation 
with an appropriate choice of basis set and the radius of the cavity (which is achieved on 
a trial and error basis) which will produce the equivalent of inter-molecular H-bonded 
environment in the condensed phase of Gly zwitterion. Different basis sets (4-21G, 6-31G*, 
6-31+G, 6-31++G, 6-31+-i-G* and 6-31++G’^*), are used to select 6-31++G“^ as the right one 
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for the Onsager model of the Gly zwitterion. Also a complete set of noruredundant force 
constants for Gly based on the solvated ab initio calculation is presented. 

7.1 Calculations 

The ab initio force constants and frequencies of Gly were calculated analytically at the 
optimized geometry. The recommended ab initio radius of solvent model is reduced by 
0.5 A" for all the calculations imless otherwise mentioned. The cartesian force constant 
matrix was transformed to the nonredundant local coordinate. The noruredundant local 
coordinates of Gly are given in Table-7.1 and Figure 7.1. The fitting procedure described in 
detail in chapter 3 is used to get the force field of Gly by fitting four different isotopomers. 
The fitting produced an average detdation of 7.9 cm“^ from the available experimental 
data. 

7.2 Results 

7.2.1 Geometry 

The optimized geometry of solvated Gly obtained by using different basis sets is shown 
in Tabie-7.2 along with the crystal structure [29], molecular dynamics (MD) simulated 
structure [20] and the calculated HF/6-31++G* isolated zwitterion structure. Table-7.2 
clearly indicates that the ab initio calculated structure is slightly different from the exper- 
imental structure. Even if the optimization is done at its full degree of freedom, the ab 
initio model produces a structure closer to planar symmetric (Cs) compared to the crystal 
geometry irrespective of the basis set. In the crystal structure all the three N'^H bond 
lengths are quite different (1.054, 1.037 and 1.025), with the planar N'^'H slightly longer 
than the other two. This may be due to different extent of Fi-bonding experienced by 
each N'^H bond in the crystal environment. In the ab initio calculation, both the out of 
plane N+H bond lengths are the same in isolated as well as solvated calculations. But 
the only improvement introduced through the solvent model is the relative difference be- 
tween the planar and nonplanar N'*'H gets reduced significantly. In the isolated model the 
intramolecular H-bonding is more pronounced and hence the planar N“H bond length 
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(1.053) is much longer than the solvated one (1.020). The CC,and CN+ bond lengths 
are overestimated and do not change much from the isolated model. Both the CO bond 
lengths are exactly the same in the crystal structure due to the equal extent of H-bonding 
with the neighbouring N+H3 groups and calculations for the different basis sets produce 
results close to this. The calculated bond angles for various basis sets are relatively of 
the same order but 6-31++G* produces slightly improved results over others. The low 
value of the C(2)-N-(l)-H(3) (planar) angle (98.9«) in the isolated model is probably due 
to the formation of a five membered ring through intramolecular H-bonding. The 4-21G 
and 6-3l4-+G’^“^ basis sets in solvated model produce structures oriented differently from 
the other basis sets and are closer to the isolated structure. The optimized structures in 

isolated and solvated models at 6-31++G=^ basis set along with the X-ray structure are 
shown in Figure 7.2. 


7.2.2 Selection of the right model 

The aim of the present work is to choose a suitable ab initio model for proper descrip- 
Hon of the features of the experimental vibraHonal spectra of amino acids, using Gly as 
a test case. The existing literature on the vibraHonal spectra of amino adds and their 
isotopomers infer the following general observations. 

i) In most of the soluHon or solid state spectra N+H3 asymmetric bend and CO asymmetric 

stretch appear at around 1600 cm'-, the first one appearing at a higher frequency. 

u) N+H3 symmetric bend appears next at around 1520 cm'V followed by CO symmetric 

stretch at around 1400 cm-'. The 1400 cm"* is confirmed to be CO stretch because of its 

mvanance to isotopic subsHtuHon. Also, in alanine the more accurate VCD spectra show 

the same difference of around 200 cm"' between the two CO stretches. 

iii) Most of the other band posiHons vary depending on the structure of the amino adds. 

Criterion 1: The sensiHve frequencies obtained from different basis sets in solvated model 
^are ^ven in Table-7.3 along with their PEDs. The PEDs match with the expected order for 
c'oN H3, v.CO and (S.N-Ha as discussed above only for 6-31++G* basis set. 
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Criterion 2: The radii used in the solvated model for different basis sets are reduced by 
0.5 Afrom the recommended value since the recommended one corresponds to a value 
increased by 0.5 Afrom the actual computed value [30]. Although criterion 1 is met by 6- 
31++G* basis set, criterion 2 i.e. should appear as a major component below dsN"^H 3 
is not fulfilled properly. So we investigated the effect of the cavity radius on the PEDs. 
We tried different possibilities and the best model appears to be the one corresponding to 
a value 3.2 Aas shown in Table-7.3 [31]. 

After fitting to the experimental frequencies of the four different isotopomers, the fitted 
force constants produced excellent description of the different normal modes as shown in 
Tables-7.4 and 7.5. 

7.2.3 Vibrational Frequencies 

Fitted frequencies of Gly-do is given in Table-7.4 along with their PEDs. Table-7.5 contains 
the calculated frequencies of different isotopomers. The fitted frequencies are in e.xcellent 
agreement with the experimental frequencies except for the lowest three, mainly torsions 
and skeletal deformations. Ab initio model is known to be very poor for these modes. 
Thus we excluded these numbers in calculating the average error. Our fitted PEDs match 
very well with the earlier reported PEDs obtained by using the MD simulated force field, 
[20] with few exceptions. In the fitting we used the experimental data from both crystal 
and solution spectra. The N'^H and CH frequencies were overestimated significantly in 
the earlier work, [20] while the present numbers are in good agreement. In this region we 
choose all bands from the crystal spectra except for 3011 cm~^ which is from the solution 
Gly-d{). Both the appear above i/CO followed by (5sN''‘H3 in the Gly-do spectra 

as expected. All these four bands are calculated at 1645, 1624, 1595 and 1523 cm~’ and 
get shifted to 1174, 1167, 1588 and 1205 cm'^ in Gly-N+Da, 1643, 1622, 1592 and 1522 
cm-i in Gly-CD 2 and 1176, 1168, 1585 and 1208 cm’^ m Gly-N+DsCDi spectra. The dCH 2 
and uCO modes give a better fit with the 1440 and 1410 cm"^ solution phase frequencies 
and so these are used for the fitting. This 1410 cm"^ j/CO+i^CC mode remain invariant in 
different isotopomers as expected. The 1327 cm"^ solution band matches very well with 
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our fitted frequency of 1326 cm ^ and is assigned to CH2 + pCHz . This band gets shifted 
to 1316, 935, 930 cm in Gly-N'^Da, Gly-CD2 and Gly-N'^D3CD2 respectively. The 1138 
and 1119 cm bands are both assigned as mixed modes of pN+Hs, tCH2 and /9CH2 These 
two bands shift in isotopic spectra to 821, 763 cm'^ in N+D3, 1215, 1178 crn'i in CD, and 
807 and 707 cm’^ in N+D3CD2 spectra respectively. The 1037 cm”' costal band is used 
for Z.CN+ mode in Gly-do and it agrees very well with our 1039 cm-' band. The dCOO 
+ ()'CCN+ + pCOO mLxed mode could be assigned to either 704 cm"' from the crystal 
spectra or to 665 cm"' from the solution in Gly-dc Earlier SQM assignment matches 
well with the solution phase value. Our fitting produces this band at 668 cm"' and is 
m support to the earlier SQM assignment. This frequency gets shifted to 634, 646, 618 
cm ' respectively in the other three isotopomers, in good agreement with the expected 
experimental fundamentals confirming the assignment. 

The non redundant fitted force constants of Gly is given in Table-7.6. 

7.3 Conclusions 

The Onsager reacHon field approach is fouird to be very successful in reproducing the 
VI rational spectra of the smallest amino add, Gly. The selection of basis set and the 
radius of the molecular volume is considered as two prime factors for mimicking the 
experimental spectra within this model. The fitting procedure to obtain the scale factors 
fern the ab initio force field of Gly has shown to be very successful giving an average 
ei lahon of 7.9 cm between the predicted and the experimental frequencies for four 
opomers. A complete set of non redundant force constants were obtained for Gly The 
exceUent agreement between the fitted and experimental frequencies clearly impUes that 

emct 0 °°8yoould,mprmciple, be applied successfully to other amino acids. 




al=O(9)-C(4)-O(10). bl=C(2)-C(4)-O(10). b2= C(2H4)-O(10) 
a2= H(5)-C(2)-H(6). a3= C(4)-C(2)-H(5). a4= C(4)-C(2)-H(6) 
b3=N(l)-C(2)-H(5). b4=N(l)-C(2)-Hf6). b5= N(l)-C(2)-C(4) 
a5=H(3)-N(l)-H(7). a6= H(3)-N(l)-H(8). a7= H(7)-N(l)-H(8) 
b6=C(2)-N(l)-H(3). b7= C(2)-N(l)-H(7). b8= C(2)-N(l)-H(8) 


Figure 7.1: Internal coordinates of Gly. 
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Figure 72: Structare of X-ray and opHmired Gly using 6-31+^G' basis set. 
aj A-ray structure b) isolated c) solvated with radius 3.2 A 
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Table 7.1: Local symmetn’- coordinates^ of Gly 


Si_9 = 

ri_y(all stretch) 

Si7= 

a5+a6+a7-b6-b7-b8 ((5sN'^H3) 

Sio= 

2ai-bi-b2 (<iCOO) 

Sl8= 

2a7-a5-a6 (d^N+Hj) 

Sn= 

bi-b2 {6COO) 

Si9= 

as-a^ (^aN+Hs) 

Si2= 

4a.2”3.3"*3.4~b3“"b4 ( 5 CH 2 ) 

^20= 

2b6-b7-b8 (pN+Hs) 

Sl3= 

a3+a4-b3-b4 (a.’CH2) 

S21 = 

b7-b8 (pN+Ha) 

Su= 

a3-a4+‘b3-b4 (pCH2) 

^22“ 

724910 ( 7 CO) 

Si5 = 

^3"^4“b34-b4 (tCH2) 

S23= 

r 24 (rCC) 

Sl6 = 

5b5“a2-a3-a4-'b3-b4 (5CCN"^) 

S24= 

r 2 i (rCN+) 


a. Internal coordinate numberings are according to Figure 7.1. 
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a. Bond lengths are in A° and angles are in rad. 

b. Ref. [20] 

c. Ref. [29] 

* The recommended radius in Gaussian-94 is reduced by 0.5 A° in different basis set calculations. In 6-31 ++G*, this 
corresponds to 3.1 (see text). 



Table- 7 . 3 : Selective unsealed vibrational frequencies of solvated Gly at different basis sets* 


-f Q f 


O >2U 

B 

^ cx "h 4 - 

T. K X 
K o a: I- 1 
o o o 

3 :u ^ cv. CL 


in 3 }£ 

CO 00 I- 


CO CO CO 

|XJ ^ JXJ 
-h + 4- 

2: 2 :z; 



CM 

X 

o 

u 

o 

o 

3 

X 

4 

4 

4 

CO 

CO 


K O 4- 1X3 4- 

o o o 2 : 

3 Q. cx 


4- ^ ei? 

i + + 
S 2 : 

CO kT kT 


CO CO 
CO CO I'- 
OO 00 l'- 


^ O Ci to CO ^ 

01 C O Ci o o 

00 CO I CO to 


-J <-0 »-o 

+ 4 - + 

r—t CO CO CO 

^7 x K m 

0+4-4- 

2: 2: ;z; 


CM pi c» {I3 
K O + 3X3 + 

o O 2: Q 2: 

3 ::i cx Q. Q. 


“j * - -• ij~i 

” + o 

S ’-o Cl o' P 7 3 

* 4 ^ t- -f 

^ S' ^ o' 

4 ^ p:^ pp p:^ co^ oj 

i otrtr O O 

5 o O O 

f A ::^ K) Ki *-0 ^ 


O CO 
CO 03 l^- 
CO OO I- 


CM 

00 

CM 

to 

Cl 

-rr 

CM 

<D 

My 

CO 

CO 

O 

CO 

CO 

O 

CO 

O' 

cx 

to 

03 

CM 

00 

00 

OO 

CD 

to 

r-* 


^ + + 
3 2 2 
w a <3 
«-0 ‘-0 


O 

O tc O o 

O n C- 3 

^ a + -h 

o pp + + 

O o o 23 23 

3 X ^ cx Q. 


, CO t'- 

ci C+ CO 

i?r» pn 


Op 04 O OO 

4 rH O O 

00 00 00 l'^ 


g o CO C4 

CO r-* CO 
00 00 00 CO to 


tn ^ 

9 + c:* 

rfj ^2 "-O 

2 "b ^ + 

oi ^ ^ t-X ^ ^ 

4 ?? +? ® - c 

tr t O t 't ® W 

2 2 X 2 2 Q Q 

<3 d ^ « v> nr 4:::: 

t-O Ko *-0 *<5 3 3 



S' 

O'! 

S' 

cu 

’w 


r-^ 

CM 


in 


b 

o 

b b 

§ 


u 

-i^ 

O 3 

o 


X 

4 

^ 4 

G 

o 

4 


4- p;' 



o 

^ CO 


cn 

S 


^ „ 4 . 4 *r’w- 4 ' cmn^PP 

4 '^^ 4 ^Q’ 1 -pPQ^ • 

Z 3 o ^ d o o O :z; 3 

cxcxco<-o‘-o Xbo 3 ^ 


CM O t- 

-CJ« '■cr r-l 

00 00 CO 


d Tf OO IN' CO O 

^ CO ^ C5 CO ^ 

^ CO CD to to 

r-( f-t i-< r-* 

w 


00 to O 03 ^ 
C2 CT^ 

00 OO t— CD to 


c -cj* 00 CO o 

• CO r-* CD CO T-. 

O CD to to O' 

^ r-i r-4 r-< 

w 


C V7 
-+ O T3 
03 u D 

1 o o 

3 ^ s 

s 

c 3 ■«- . D 



156 


+ + aa 
2 2 0 
Si 5 . 


0 0^0 

1 + K 1 ; 

H aira: ^ r o 

4- t O 
;= t^ 3 i c^ ^ 

' K 4* oi 4- 4- 
ar cvi ^ ; 

^ aj o au 

> 9 ^ ^ O O o O ; 


CNI 00 r-H 
^ liO r ~4 

O o 
CO CO CO 


®ss; 3 ; 22 : 2 :^^”-o 


+ 

a: 

o 

g 8 o 

J ^ 

t + + o 

K n, ^ go 

Q ^ O CM O r':> i 

ao o a: o 9 

+ o ‘2 o + 

tn 4 o + o ^ H 

4 o o o o 6 ^ 

^ o o o o 8 c 

^ Md <*^ CX j 

2 CD to CO r^ ( ^ 

a 2 ? ^ ’-• o ci 

05 00 CO CO lo O 


||iiliiliiii?§s = i§§ss2as!®., 


2 o S S § S ? ^ 


2 S oi 


U ® == 

R + + 

S ? 2 

CU j X X 


+ a: a: 

? o o 


CO rf 'o 

£ ^ 4 “ 
K K ^ 

. o ct w 


2 r fc’ w 

8 + y 

Sr «r> •-» O 

^ ^ H-* I 

+ gr ^io 

u? g i cj 

« t ^ o 2 . ^ 

'a: 4 ! 2 . 4 

^ T, a: + 


'H O C'J 

^ ^ Q 

13 

o «0 


^ -3 O ><-» 4 -S Q. X 

iiisiiisiiiiSs 

’^^T-HrHr- 1— — JLlJ^w 


8 - ^* 

rg o 

‘ ^ '-o 

to + + 

goo 

-I- ^ it 

I; 4 4 
a: o o 
too 
^o o 

K 5 <-o 


•f 

O 

it 

4 

: o 

' o 

o 

*2 o 

rt ^ 

g o o fe o 


° ” g 5 g 2 P ° i 
oi ca S S g ^ > 


^ X a: 
Q + + 


?: a: -T o 1 1 

9 o : 2 : o ^ 


c 

o 

o 

O 4 

o + a , 

o CM +■ a 

4 0 .^-:?- 

"ji . c: 

tc i 4 4 

1 1 o a: ^ 


!T^ an »«r^' 

r 8 ? 

+ + 


= C V-./ 1/1 

^ ^ *-0 <-0 t-o 


,+ 4 : +go^ 

to Wp ^2 + +^K 

+ +20 ^ O o t, ra 

^ gootooo^o 

+ 4 . + '2 i > + + ? + 

^’t._i !:*40 4 oo 4 _ jJ 

sc^toooooo^i:^ 

OOonPra 22 ft 2 


3 i 2 S S 


iigsipg-!^ 

cocoojSSia^^"^ 


s"B 82 =|oooooo 888 § 


°Sooro 22 g'^'^'=i 

- ::: o o g t'T 3 JO ^ o 


— +N CO 1 }- .0 (O t- 03 C 5 O 


~ ”- 122 !^ 222 to 0 JC 04 r 

v-^ 01 <M OJ csi Cl 



158 


Table 

7.6: 

The symbolic F 

matrix 

1 

2 

3 







4 

5 

6 






7 

8 

9 

10 





11 

12 

13 

14 

15 




16 

17 

18 

19 

20 

21 



22 

23 

24 

25 

26 

27 

28 


29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

46 

47 

48 

49 

50 

51 

52 

53 

56 

57 

58 

59 

60 

61 

62 

63 

67 

68 

69 

70 

71 

72 

73 

74 

79 

80 

81 

82 

83 

84 

85 

86 

92 

93 

94 

95 

96 

97 

98 

99 

106 

107 

108 

109 

110 

111 

112 

113 

121 

122 

123 

124 

125 

126 

127 

128 

137 

138 

139 

140 

141 

142 

143 

144 

154 

155 

156 

157 

158 

159 

160 

161 

172 

173 

174 

175 

176 

177 

178 

179 

190 








191 

192 

193 

194 

195 

196 

197 

198 


local 


coordinates 


54 

55 



64 

65 

66 


75 

76 

77 

• 78 

87 

88 

89 

90 


100 101 102 103 
114 115 116 117 
129 130 131 132 
145 146 147 148 
162 163 164 165 
180 181 182 183 


91 

104 105 
118 119 
133 134 
149 150 
166 167 
184 185 


120 

135 136 
151 152 153 
168 169 170 171 
186 187 188 189 


209 210 
211 212 
229 230 
232 233 
250 251 
254 255 
272 273 
277 278 
295 296 


213 214 215 216 217 218 219 220 
231 

234 235 236 237 238 239 240 241 
252 253 

256 257 258 259 260 261 262 263 
274 275 276 

279 280 281 282 283 284 285 286 
297 298 299 300 


201 202 203 204 205 206 207 208 
221 222 223 224 225 226 227 228 
242 243 244 245 246 247 248 249 
264 265 266 267 268 269 270 271 
287 288 289 290 291 292 293 294 


Fitted non-redundant force constants of Gly 


8.577 2.154 10.089 0.461 

4-719 0.011 0.009 0.023 

0.085 0.038 4.948 -0.027 

5.312 0.009 -0.035 -0.011 

0.012 -0.038 -0.009 0.037 

0- 325 0.299 -0.374 -0.021 

1- 174 0.398 -0.342 0.042 

“0.018 -0.017 1.104 -0.017 

0.006 -0.003 -0.001 0.005 


0 

.544 

4 

.123 

0 

.104 

-0 

.005 

0 

.082 

4 

.949 

0 

.010 

0 

-Oil 

-0 

.044 

-0, 

.031 

0, 

.027 

0 

.001 

0 

.048 

-0, 

.022 

0, 

.002 

0, 

.028 

0, 

.003 

-0. 

.023 

0. 

.022 

0, 

.030 

-0. 

.002 

-0. 

.004 

0. 

.050 

0. 

.015 

-0. 

261 

0. 

036 

0. 

.045 

-0. 

.010 

0. 

007 

-0. 

083 

-0. 

200 

0. 

078 

-0. 

043 

0. 

548 

0. 

061 

0. 

027 


0.080 
0.026 
0.002 
5.570 
5. 556 
0.016 
- 0 . 020 
0 . 074 
0.100 
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Table 7 . 6 ; ( Continued ): The symbolic F matrix of Gly in local 

coordinates 


- 0.432 

- 0.025 

- 0.022 

0.632 

0.002 

- 0.001 

- 0.029 

- 0.001 

0.001 

0.004 

- 0.003 

0.002 

- 0.004 

- 0.196 

0.606 

- 0.013 

- 0 . 049 

- 0.046 

1.079 

- 0.036 

0.038 

0.075 

- 0.008 

0.052 

0.020 

- 0 . 028 

- 0.044 

0.018 

- 0.041 

0.004 

- 0 . 007 

0.003 

0.004 

- 0.001 

0.006 

- 0.000 

0.623 

- 0.007 

0.081 

0.004 

- 0 . 022 

- 0.010 

0.008 

- 0.001 

0.738 

- 0.003 

0.008 

- 0.000 

- 0.006 

0.003 

- 0.002 

0.000 

0.020 

- 0.021 

- 0.002 

0.044 

0.070 

0.532 

- 0.004 

0.003 

0.012 

0.001 

0.008 

- 0.006 

- 0.009 

- 0.003 

- 0.011 

0.003 

0.001 

0.005 

- 0.003 

- O-.OIO 

0.007 

- 0.028 

0.024 


0.016 

0.004 

0.005 

0.000 

0.001 

0.089 

- 0.002 

0.003 

0.949 

- 0 . 002 

- 0.011 

0.009 

- 0.058 

0.072 

0.144 

- 0.010 

- 0.179 

0.017 

0.014 

- 0.258 

- 0.011 

0.011 

0.027 

- 0.002 

- 0 . 039 

- 0.001 

- 0 . 002 ' 

0.006 

0.003 

- 0.003 

0.003 

- 0.001 

0.001 

0.001 

- 0.041 

- 0.001 

0.034 

- 0.002 

- 0.002 

0.033 

0.036 

- 0.000 

0.003 

- 0.008 

- 0.006 

0.002 

- 0.003 

- 0.001 

0.043 

0.001 

0 . 664 

- 0.001 

- 0.003 

0.008 

0.003 

0.001 

0.002 

- 0.002 

0.004 

0.014 

- 0.002 

- 0.000 

- 0.111 

0.023 

0.074 

0.105 

0.005 

- 0.008 

- 0.008 

0.004 

- 0.002 

- 0.004 


- 0.032 

0.057 

0.068 

- 0.093 

0.005 

0.023 

0.001 

0.001 

0.000 

- 0.000 

0.007 

0.001 

0.076 

- 0.051 

- 0 . 035 

0.038 

- 0.003 

- 0.002 

- 0.011 

0.069 

0.067 

- 0.002 

0.031 

0.565 

- 0 . 074 

0.050 

0.042 

- 0.039 

0.018 

0.594 

- 0-006 

0.067 

- 0.072 

0.013 

- 0 . 003 

0.002 

- 0.004 

- 0.008 

- 0.006 

- 0.003 

0.100 

- 0.021 

- 0.001 

0.006 

- 0.005 

- 0.001 

0.070 

- 0.071 

0.002 

0.002 

- 0.001 

0.003 

0.002 

0.002 

0.019 

0.001 

- 0.009 

- 0.014 

- 0.000 

- 0 . 023 

0.009 

0.004 

- 0.003 

- 0.005 

0.005 

- 0.002 

0.001 

0.000 

0.001 

- 0.060 

- 0.008 

0.019 
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Between 3.21 to 3.33 Aradius the calculation of the Onsager model produces one 
imaginary frequency for the lowest torsional mode (rCC). The calculated frequency 
for this particular mode changes from radius 3.10 to 3.35 Aas follows: 42 cm'^ at 3.1, 
20cm-i at 3.2, -4 cm-^ at 3.21, -25 cm-^ at 3.25, -42 cm'^ at 3.30 and 64 cm-^ at 3.35 A. 
The optimized structures for all these radii resemble very closely and so it is difficult 


to explain why some values produce negative frequency. It appears that the shallow 
potential for this coordinate is partly responsible for this problem as mentioned by 

Bour et al. (Bour, p.; Tam, C. N.; Shaharuzzaman, M.; Chickos, J. S.; Keiderling, T. A. 
/. Phys. Chem., 1996, 100, 15041.). 



Chapter 8 


Theoretical Prediction of the Vibrational 
spectra of Cysteine and Serine 
Zwitterions 


There have been a number of ab initio studies of the 'gas phase vibrational analysis of 
amino acids, such as glycine [1], alanine (Ala) [2], cysteine (Cys), serine (Ser) [3], and 
proline [4]. In the zwitterionic form a solvated model of glycine was used to obtain the 
vibrational frequencies and assignments as described in chapter 7. A good number studies 
of Ala in the solid state in both IR and Raman spectroscopy is available in the literature 
[5-18]. Ala being the smallest chiral amino acid, was the subject of interest for VCD and 
ROA spectra [2,19,20]. A complete vibrational assignment based on VCD spectra using 
Urey-Bradeley force field of Ala in solution was first presented by Diem et al. [20]. The 
ab initio calculations of isolated molecule [2] and more recently the Onsager reaction field 
model [19] were used to assign the experimental vibrational spectra of Ala zwitterion in 
the region 800 to 1600 cm~^ . Ab initio isolated model calculations of Cys and Ser were used 
to assign their experimental spectra [21]. The previous quantum mechanical calculations 
of Cys include studies of protonation and ionization potential [22], a comparison of PCILO 
and SCF results [23] and minimum energy conformations [24]. Calculations of Ser include 
studies of protonation [23,25,26 ],lattice energies [27], energ}^ differences of enantiomers 
[28,29], crystal and peptide structures [30] and low energy conformations [31,32]. The thiol 
group in the Cys residue side chain is responsible for the stabilization of the secondary 
structure of proteins and hence was the subject of a number of spectroscopic studies for 
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characterizing its conformers (chapter 6). In the experimental side, solid state structures of 
L-Cys and L-Ser have been determined by neutron diffraction [33,34] and a large number 
of vibrational spectral studies of Cys and Ser zwitterions are available [35-40], the most 
recent one being that of Gargaro et al. based on their ROA study [40]. 

In this chapter, the scale factors of Ala, EtSH and EtOH are generated by fitting their 
ab initio force constants to their respective experimental spectra. The vibrational spectra 
of Cys and Ser zwitterions are theoretically predicted by transferring the scale factors of 
Ala for the backbone and EtSH and EtOH for the side chain respectively. A complete set 
of non-redundant force constants of Cys and Ser are also presented. 

8.1 Calculations 

The ab initio force constants and frequencies of Cys, Ser, Ala, EtSH and EtOH were 
calculated analytically for the optimized geometries at 6-31++G’*' level using the Onsager 
reaction field approach to include the solvent effect. The cartesian force constant matrices 
were then transformed to the non-redundant local coordinate space. The non-redundant 
local coordinates of EtSH and EtOH are same as used- in chapter 6, that of Ala is given 
in Table-8.1 and Figure 8.1 and the corresponding Cys and Ser are given in Tabie-8.2 
and Figure 8.2. The optimized geometry of Ala is given in Table-8.3 and those of Cys 
and Ser are given in Table-8.4. The ab initio force fields of Ala, EtSH and EtOH were 
then fitted to their corresponding experimental spectra to obtain a non-redundant set 
of force constants and scale factors using the methodology described in chapter 3. We 
used experimental frequencies from five different isotopomers namely. Ala-do, Ala-Cds, 
AlaN'^'da, Ala-CdN'^ds and Ala-CdsN'^ds for the present study. Radius of 3.3 Awas used 
for the solvated model calculation of Ala. The scale factors of EtSH and EtOH along with 
Ala when used to scale the ab initio force fields of Cys and Ser, good agreements were 
obtained with experimental frequencies. Cavity radii of 3.5 and 3.4 Awere used for the 
solvated model calculations of Cys and Ser respectively. 



8.2 Results 

EtSH and EtOH 
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The most stable gauche form in the isolated EtSH calculation (chapter 6) is retained 
in the solvated model calculation for the present study at 6-31 ++G’" level. The ab initio 
calculated frequencies are fitted to the experimental ones reported in chapter 6. In EtOH 
again the most staggered conformation is retained as the most stable one in the solvated 
model calculation, following our earlier EtOH result reported in chapter 6. In condensed 
phase the presence of intermolecular H-bonding causes a lowering of the j/OH freauency 
in EtOH. In the present solvated study of EtOH the j/OH frequency is lowered compared 
to the earlier ab initio calculation on the isolated molecule as expected. We used the 
same experimental frequencies (as reported in chapter 6) to fit the ab initio calculated 
frequencies in the present study. The fitted frequencies and their PEDs of both EtSH and 
EtOH are shown in Table-8.5. 

8.2.1 Vibrational Frequencies of Ala 

The fitted spectra of. Ala and its deuterated isotopomers are shown in Tables-8.6 to 8.8. 
The fitted frequencies are very close to the experimentally observed frequencies for all the 
five isotopomers considered here with an average deviation of 7.2 cm"h The lowest two 
torsions and the NH3 stretching frequencies are omitted from the error calculation. The 
torsional modes are not well described in the HE calculation [41]. 

The recent work of Yu et al. based on their Onsager reaction field model ab initio 
calculation and experimental ROA spectra gives the theoretical assignments of Ala zwit- 
terion in the range 800 to 1600 cm“h In their study, Yu et al. assigned the 1613 cm"^ 
band as a mixed mode of uC.O + (i^N'^'Hs followed by dsN''’H3 at 1503 cm"^. Due to the 
presence of strong intermolecular H-bonding in the solution phase, the ()aN+H3 mode is 
expected to appear above uCO. Earlier Diem et al. [20] assign based on their normal mode 
analysis both the d'„N+H3 (1645,1625 cm"^) above i/CO (1607 cm-’‘). We, in the present 
study consider 1645, 1625 and 1613 cm"^ bands as the three fundamentals in this region 
for Ala-do- 
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In the i-N+H and KH stretching regions we used experimental frequencies of Diem a 

aL [20] wherever available. Our assignment matches very well with that of Diem et al for 

Ala-d„, Ala-Cda and Ala-N+d,. The agreement between the calculated and experiment 
bands is excellent m all the modes except that of the highest two vN+H , which were 
significantly overestimated in the ab initio model calculation. In the solvated model ab 
mrtio calculation the intramolecular H-bonding is avoided by putting the molecule in 
a dielectric continuum and hence the discrepancy in the isolated model (the H-bonded 
N H stretching frequency appearing below vCH) is overcome in the present case. 

From the VCD spectra it was observed that the difference between the two vCO 
stretching bands in Ala-d, appear around 200 cm"' [19]. We assigned the higher cCO 
band at 1613 cm‘- and the lower one as a mixed mode at 1412 cm->, in agreement with 
this observation. In the 1600-1400 cm- region tve consider the earlier assignment of Diem 
et al. [20] appears to be the satisfactory ones and our fitted PEDs agree very well with 
that. In Ala-d„ we assigned the 164,5 and 1625 cm- bands as 6.N+H3 and 1503 cm- band 
as 6.N+H3. These numbers appear at 1647, 1623 and 1507 cm- in Ala-do, 1647, 1622 and 
1506 cm ‘ m Ala-Cda, 1176, 1141 and 1201 cm"' in Ala-N+ds, 1175,1162 and 1207 cm- 
m Ala-CdN+d, and 1178, 1154 and 1200 cm- in Ala-N+dsCdj after scaling. Both the 
i.C,rH3 modes are assigned at 1457 cm- and are calculated at 1464 and 1458 cm-. The 
corresponding i.C^Hs appear at 1359 cm- and is calculated at 1375 cm-. The pCaC,C 
mode is assigned at 1379 cm- and is calculated at 1382 cm-. These two closely spaced 

ma”, appeared at 1044, 

cm “Ala-Cda, 1464, 1459, 1377 cm-' in Ala-N+d3 and 1460, 1456, 1372 cm- 

m ^a-CdN*d3 and 1055, 1043, 1072 cm- in Ala-CdaN+dr in our calculated spectra. 

^‘"°^'^'"”’”°‘‘®"^PP“''a=3™“«dmodeswithpC„H3and6-CjC„Catl241and 

cm f” Ala-d„ after scaling. These two modes are assigned to the experimental 

bands at 1238 and 1145 cm“’^ of SiKii Pt p,i rc;i tt, t. t 

et al. [5]. These bands get shifted to 1194 and 1155 

cm- m AIa-Cd3, 887, 842 cm-' in Ala-N+da, 846, 797 cm-' in Ala-CdN+D, and 818, 794 
™ m Ala-CdjN+da. The vC„N+ mode in Ala-do is assigned to the observed band at 
13 and 922 cm-' as a mixed mode with pCaHa, vCQ and vC.Ca and are calculated 
at IloO and 928 cm-' respectively. The 7CO and iCOO appear as mixed mode in Ala- 
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do at 781 cin-^ and is calculated at 796 cm-^. This band is calculated at 736 on-^ in 
Ala-Cds, 782 cm"'^ in Ala-N'^ds, 749 cin~^ in Ala-CdN'*'d3 and 732 cm“^ in Ala-CdsN'^ds 
spectra. The observed band at 633 cm-^ is assigned to a mixed mode of i/CaC - 5COO + 
i/Co;Cj,j + yCO and is calculated at 640 cm ^ . This band is more or less invariant with the 
isotopic substitution and appear at 611 cm“^ in Ala-Cds, 612 cm"^ in Ala-N-^ds, 597 
in Ala-CdN'*'d3 and 594 cm"^ in Ala-CdsN+ds in our fitted spectra. 

8.2.2 Vibrational Frequencies of Cys 

We transferred all the scale factors from Ala except for the CHiSH stretching, bending 
and torsional modes. The side chain residue is successfully represented by using the scale 
factors of EtSH. The predicted frequencies of Cys are given in Table-8.9 along -svith their 
PEDs. The prediction is in good agreement with the experimental frequencies producing 
an average error of 9.0 cm~’ for Cys spectra obser\^ed bands excluding NH3 stretchings. 
Many ambiguities regarding the assignment of vibrational modes, especially in the 1600- 
1400 cm~^ region observed in our earlier ab initio calculated results on isolated molecule 
with siniple Durig's scaling [42] are resolved successfully in the present study. 

Unlike the isolated model, in the stretching region, all the N“H stretching bands 

appear above the CiiH2 and C^H modes as expected. The predicted i^N'‘'H3 frequencies 
are less than the observed values and the predicted numbers are quite close to that of Ala. 
The predicted values of both the C iHi and the C„H agree very well with the observed 
bands of L-Cys and D,L-Cys. The predicted band at 2947 cm~^ (t^Cj:H2 + i/CoH) agree 
well with the observed band at 2935 cm~^ in D,L-Cys compared to 2918 cm~‘ in L-Cys. 
The i/SH frequency predicted at 2573 cm"^ matches very well with the obsen'ed bands of 
L-Cys and D,L-Cys. The present assignment in this region matches very well with that of 
Lietal. [39]. 

In the 1600 cm "’ region the predicted frequencies appear at 1646 (d'aN+Hs), 1636 hCO) 
and 1599 (d^N+H:,) cm"’. This is not in agreement with the gross experimental features 
of amino acids, namely d'aN+Hs modes appear above i^CO. Changing the basis set and 
the cavit}^ radii would have resolved this problem. However our aim is to compare the 
force fields of different amino acids in the same basis set. Surprisingly our predicted 
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assigiroent matches exactly with that of Li et al. [39], The i.N+Hj band matches well 
whh the expenmental frequencies of L-Cys and D, L-Cys and also in agreement wift the 
ar er assignment of Li et al. [39J and Madec et al. [37]. The SCMz appear as a mixed 
mo e wi at 1431 and 1409 cm"' in the predicHon and agrees quite weU with th 

observed bands of L-Cys and D,L-Cys. The lower nCO appear as a mixed mode in oj 
predicted spectra at 1431 cm- and 1316 cm-. Ih. band was earlier assi^ed at 1«" 
cm . m I^Cys by Li et al. [39, and at 1406 cm- by Madec et al. [37, in D, L-L spT 

129 ^' ^served band at 

296 in L-Cys and at 1308 cm- in D.L-Cys. The tCaHi mode is assigned at 1206 cT- “ 

our predicted spectra and agrees well with the earlier assignment at 1203 cm- by Madec 

al. tor L-Cys. Both the qN+H, modes are predicted at 1144 and 1124 cm- and aer 

well ™th the Observed bands at 1140 cm- m the Raman spectra 01 "^ by Mar: 

al. [3/] and at 1118 cm- of L-Cys in the ROA spectra of Gargaro et al. (40J. The nC 

mode appear as a mixed mode at 1085 and 934 cm- in the predicted spectra and “ hi 

agreement with the Ala assignment. These two bands are assigned at 1069 and 936 

m L-Cys ^d 1073 and 934 cm- in D, L-Cys. The -,CO mode also appear as a mixed 

mod: m the predicted spectra with dCOO at 881 and 823 cm- This Id appeal! 

ispredictrrr r nCaS frequency 

692 cm- band in L-Cys. This band 

C Cr at 657 cm- in EtSH spectra. The predicted band at 610 cm- ^ assi^ed t! 
L-cfs It I of 615 cm- in both L-Cvs and D, 

spectra ^ he™ ' T 

spectra and hence our predicted numbers cannot be compared. 

8.2.3 Vibrational Frequencies of Ser 

predrc d frequenoes of Ser along with the FED is given in Table-8.10. The agreement 

IS excellent with the zwitterionic frequencies for both L and D T de T 

error of 10.1 cm- The vOH f, mod L and D,L-Ser with an average 

the corresnond ' °n-‘ ^ our prediction and 

correspondmg expenmental frequencies are not available. Both the d.N-H, bending 
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vibrations appear above uCO followed by in our predicted spectra as expected. 

These inodes are predicted at 1645, 1626, 1611 and 1493 cm-' respectively and agrees 
very well with our Ala assignment. These bands are not observed in the L-Ser suectra 
but matches quite well with the D,L-Ser spectra. The mode appear at higher 

frequency compared to that of Cys. This frequency appears at 1460 and 1455 cm-^ in 
the experimental spectra deviates considerably form the predicted band at 1482 cm-T 
This could be due to tbie structural variation of CjHa in Ser and EtOH. The fundamental 
predicted at 1414 cm"^ is assigned to a mixed mode of and dCjOH and agrees 

reasonably well to the obserx'-ed band at 1430 cm"^ in EtOH spectrum. The tCjH^mode 
is predicted at 1275 cm-^ and is in agreement with that of L-Cys predicted value. The 
predicted band at 1210 cm"^ is also assigned to a mixed mode of a-'CjH? and JCjOH and 
appear at a lower frequency compared to the experimental ones at 1242 and 1247 cm"^ 
in L-Ser and D,L-Ser respectively. The corresponding band is obserx'-ed at 1276 cm”^ in 
EtOH spectrum. Both the pN'^'Hs appear at 1187 and 1154 cm"^ as mixed modes in the 
predicted spectra and matches very well with the observed bands of L-Ser and D,L-Ser. 
The z/CqN"*" mode appear at 1093 and 868 cm"^ in the calculated spectra and are observed 
at 1090 and 851 cm”^ in L-Ser and 1093 and 852 cm"’- in D,L -Ser. The vCaO mode is 
predicted spectra at 1039 cm"^ and agrees well with the obserx-ed band at 1040 and 1029 
cm"^ in L-Ser and D,L-Ser respectively. This mode was earlier assigned at 978 cm"^ by 
Machida et al. [36]. The observed band at 978 cm”^ is predicted at 985 cm'^ and is 
assigned to a mixed mode of pC, 3 H 2 + pN+Hs + uCaC^. The main discrepancy appear in 
the observed bands at 773 and 620 cm"^ in the ROA spectra of L-Ser. We do not have any 
frequency correspond to these in our prediction. The earlier assignment of Ser based on 
isolated model calculation predicted these two bands at 796 and 615 cm”^ respectix'ely. In 
the lower frequency range 200-400 cm"^ our predicted frequencies match quite well with 
the observed D,L- Ser spectra. 

The predicted non-redundant force constants of both Cys and Ser and the fitted non- 
redundant force constants of Ala are given in Tables-8.11 to 8.13. 
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8*3 Conclusions 

The theoretical prediction of the vibrational spectra of Cys and Ser based on solvated ab 
initio calculation is found to be satisfactory. The scale factors of smaUest chiral amino 
aad, .aja is found to be very useful irt predicting the higher chiral amino acids. The 
present study, led us to infer that the non-redimdant set of scale factors of Ala could be 
used to predict the vibrational spectra of other structurally related amino acids and pep- 
tides. However further studies of other amino acids are needed to verifv this conclusion 
This further implies that the structurally related small organic compounds can be used to 
mimic the force fields of amino acid side chain residues. 
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a=0(l)-C(2)-0(3), al=C(4)-C(2)-0(l), bl=C(4)-C(2)-0(3) 
a2=C(2)-C(4)-H(7), a3=N(5)-C(4).H(7), a4=C(6)-C(4)-H(7) 
b2=N(5)-C(4)-C(6), b3=C(2)-C(4)-N(5), b4=C(2)-C(4)-C(6) 
a5=H(8)-N(5)-H(9), a6=H(8)-N(5)-H(10), a7=H(9)-N(5)-H(10) 

b5=C(4>N(5)-H(8), b6=C(4)-N(5)-H(9), b7=C(4)-N(5)-H(10) 
a8=H(U)-C(6>H(12), a9=H(n)-C(6)-H(12), alO=H(12)-C(6)-H(13) 
b8=C(4)-C(6)-H(ll), b9=C(4)-C(6)-H(12), b(10)=C(4)-C(6)-H(13) 


Figure 8.1; Internal coordinates of Ala 
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3 * 



sssiissssiiF* 



MO=0(I,.C(4,H(S3'): t" cS3i^^4«). H8)= 


Figure 8.2: Internal coordinates of Cys and Ser. 
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Table 8.1: Local S 3 mametry coordinates of Ala * 


Sl- 12 = 

ri_i 2 (aU stretch) 

S23= 

2a7-a5-a6((5aN+H3) 

Sl3= 

2a-ai-bi (5COO) 

S 24 — 

a5-a6 (5aN+3) 

Si4= 

arbi(pCOO) 

S25 = 

as+ag+aio-bg-bg-bioC^sQetaHs) 

Si5 = 

3.2’^3-3+^4‘'b2’"b3**b4 (JN Cc^C) 

S26 = 

2aio-a8-a9((5„C3H3) 

3i6 = 

2a.2”^3"9.4 (f5C jCctC) 

S27= 

ag-ag (5„C(3H3) 

Si7 = 

a 3 -a 4 (pCjCaC) 

S2S = 

2 b 8 -b 9 -bio (pC^Hs) 

Si 8 = 

2 b 2 "b 3 -b 4 (dC^CcjH) 

329“ 

bg-bio (pC^H 3 ) 

Si9= 

b 3 -b 4 (pCjCc^H) 

330= 

"'''4213 ( 7 CO) 

S 20 = 

a5+S6+S7"h5”b6-b7 (dsN~H3) 

331 = 

r24 (rCaC) 

S 2 l = 

2 b 5 -b 6 -b 7 (PN+H 3 ) 

332 = 

r45 (tN^CJ 

S22~ 

b6-b7 (pN+Ha) 

333 = 

*^46 (”^^ 0 :^ 3 ) 


“*■. Internal coordinate numberings are according to Figure 8.1. 


Table 8.2: Local symmetry coordinates of Cys and Ser * 


Sl-13 = 

ri_i 3 (all stretch) 

S25= 

35-36((iaN+H3) 

Si4 = 

2a-ai-bi (dCOO) 

326 = 

4a8-39-aio-b9-bio ((5sCjH2) 

Si5= 

^i''bi(/XI! 00 ) 

327= 

a9+aio-b9-bio(u'Ci,etaH2) 

Si 6 = . 

a 2 -fa 3 +a 4 -b 2 -b 3 -b 4 ((5^N^CaC) 

328= 

ag-aio+bg-bio (pCjHz) 

Si7= 

2 a 2 -a 3 -a 4 (SCjC^Q 

829 = 

a9-aio”b9-+-bio (tCt5H2) 

Sl 8 = 

a 3 -a 4 (pC jCqC) 

330= 

5b8-a8-a9-3io-b9-bao (6CaC0S/SCaC,jO} 

Si9= 

2b2-b3-b4 («CjC„H) 

331 = 

h (5CSH/(iCOH) 

320= 

b3-b4 (pCiC^H) 

332= 

7271011 / 71267 ( 7 CO) 

321 = 

a5+a6+a7-b5-b6-b7 (5sN'^H3) 

833 = 

T'u/t'U (TCaQ) 

822 = 

2 b 5 -b 6 -b 7 (PN+H 3 ) 

834 = 

T 15 It 4,8 (rCp8/rQO) 

823 = 

b 6 -b 7 (PN+H 3 ) 

335 = 

T 27 / Ti 2 (rCCa) 

324= 

237-35-36 (d'aN^Hs) 

336= 

Txb/rxi (rCaN"^) 


*. Internal coordinate numberings are according to Figure 8.2. 
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'Table 8.3: Optimized geometrical parameters of Ala 


Ala param Ala 


param* 

_ 

r2 

ts 

r4 

Ts 

r6 

rz 

rg 

rg 

rio 

rii 

ri2 

ri3 

a 

ai 

bi 


param* 

ri-2 

r3-2 

r4-2 

fS— 4 

r6-4 

r7-4 

r8-5 

rg-s 

rio-5 

rg-n 

rg-u 

rg-is 

ai23 

ai24 

'r9547 


Ala 

1.233 

1.239 

1.558 

1.512 

1.524 

1.082 

1.010 

1.011 

1.015 

1.086 

1.081 

1.084 

128.4 

116.3 

-163.0 


param 

^245 

^246 

^546 

^547 

^247 

^458 

^459 

34510 

3859 

38510 

39510 

34611 

34612 

34613 


110.0 

115.0 
108.9 

105.1 

107.6 
110.4 

112.1 

112.6 
106.1 

109.1 

106.2 
111.2 
108.8 
111.6 


311612 

311613 

312613 

7'321S 

"^1245 

''"1246 

T1247 

^2458 

r 24611 

T 2459 

T24612 

T 12647 

r'11647 

T 8547 


108.4 

108.3 

108.4 
-168.2 

5.2 

128.5 
-108.8 

-36.7 

-59.9 

81.4 

-158.9 

-62.0 

178.6 
78.9 


Ser 

110.7“ 

108.8 

-66.9 

53.4 

58.3 

178.6 
-179.2 

-58.9 

-129.2 

108.7 
-6.3 

-62.9 

66.1 

55.8 

-175.1 

-170.3 


Internal coordinates are according to Figure 8.1. 


Table 8.4: Optimized geometrical parameters of Cys and Ser 


Cvs Ser param Cys 


1.563 

1.504 

1.525 

1.232 

1.232 

1.823 

1.083 
1.014 
1.012 
1.012 

1.084 
1.078 
1.328 
129.9 
115.0 
115.0 


1.552 

1.504 

1.526 

1.237 

1.237 

1.392 

1.082 

1.016 

1.007 

1.009 

1.088 

1.082 

0.952 

129.0 

115.8 

115.2 


33 

34 
bi 

b2 

bs 

b4 

35 

36 

37 
b5 

bg 

h? 

38 

39 
3l0 
bs 


107.7 

105.9 

108.7 

110.9 

114.8 

108.5 
106.7 

107.5 
110.0 

107.6 
111.1 

113.7 
108.0 

105.8 
109.6 
114.0 


Ser 

ms" 


param 

bg 


105.2 

107.6 

106.4 

117.5 
111.1 
106.1 
107.4 
109.9 

109.8 

111.6 

111.9 
108.6 
104.1 
112.6 
111.8 


Cvs 


bio 

'r6213/'^31412 
7*6215 7^3148 
7*7213/ 7*21412 
7*7215 / 7* 2148 
7* 8213 / 7* 51412 
r8215/7'5148 
7 * 12710 / 7*4126 
7*82710 / 7*5126 
7* 62710 / 7*3126 
7*12627/ 'T 2139 
7*12621 / 7* 4139 
ri3627/ 7*10312 
Ti362i/ 7^10314 
7*2159 / 7* 14814 


111.2 

108.0 

-55.5 

64.1 

-178.9 

59.3 
60.5 

-179.9 

-42.7 

78.4 
-167.4 

-29.7 

-156.6 

86.9 

-40.0 

62.2 


W^s5"coordinates ari according to tigure 8.2 



Table 8.5: F i tted frequencies of EtSH and EtOH 
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Table 8.6: Fitted frequencies and PEDs of Ala-do 


Al3.-do 

no. 

unsealed 

scaled 

expt“ 

PED 

1 

3734 

3124 

3080 

z/N-Hs ■ 

2 

3707 

3100 

3060 


3 

3614 

3028 

3020 

1 /N-H 3 

4 

3324 

3015 

3003 

i/CjHs 

5 

3288 

3005 

2993 


6 

3271 

2961 

2962 


7 

3213 

2945 

2949 


8 

1829 

1647 

1645 

5aN-H3 

9 

1808 

1623 

1625 

A'„N+H3 

10 

1791 

1613 

1613 

l/CO+r),N+H 3 

11 

1672 

1507 

1503 

d'.N-H3 

12 

1636 

1464 

1457 

(i„C,3H3 

13 

1630 

1458 

1457 

(iaCjH3 

14 

1577 

1420 

1412 

5aC,3H3+i/CO+i/CQ+(i.QH3 

15 

1540 

1382 

1379*> 

pC,jCaC 

16 

1497 

1375 

1359^ 

SsCtslis 

17 

1449 

1306 

1302 

5CjCqC+i^CO 

18 

1314 

1241 

1238'’ 

pN+H3+pCdH3 

19 

1221 

1147 

1145 

pN+Hs+dCdCaC 

20 

1187 

1130 

1113 

l/CaN'^+pC.jHs+i/CaCj 

21 

1050 

1023 

1003 

pC,3H3+pN+H3+pCjCaC 

22 

1037 

1001 

995 

//C«Cj+pN+H3+pCjH3 

23 

973 

928 

922 

l/C,»N'^+pCjjH 3 +l^CCa 

24 

891 

856 

848 

SCOO+iyCJ^^+iyCaC^+'yCO 

25 

844 

796 

781 

-fCO+SCOO 

26 

642 

633 

640 

uCaC+SCOO+iyCaC0+jCO 

27 

532 

525 

527 

pCOO+uCc,N+ 

28 

■ 422 

402 

399 

5CjQH+(5N+QC 

29 

324 

318 

296 

5C,3Caii+SN+CaC 

30 

266 

266 

283 

pCjCaH+pCOO 

31 

249 

247 

219 

rCaCj 

32 

126 

135 

184 

tN+C. 

33 

58 

72 

— 

rCoC+rN+C, 

Ml 


a. Ref [19,20] b. Ref. 5. 
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Table 8.7: Fitted frequencies and PEDs of Ala-Cds and Ala-N+ds 


scaled 
3124 
3100 
3028 
2962 
2239 
2229 
2116 
1647 
1622 
1612 
1506 
1421 
1378 
1304 
1199 
1145 
1120 
1058 
1044 
1032 
950 
930 
839 
777 
736 
611 
514 
371 
304 
246 
180 
134 
70 


expt“ 

3080 

3060 

3020 

2962 

2251 

2236 

2126 

1645 

1625 

1615 

1511 

1414 

1360 

1305 

1194 

1155 

1128 

1066 

1051 

954 
931 
832 
804 
758 
610 
509 
374 
297 
220 
191 
184 


Ala-Cds 
PED 
i/N+H 

^C,D3 
6aN^H3 

i^CO+(),N+H3 

^.N+H3 

i/CC+i/CO+dCjCcO+JCOO 

pC^C^C 

SCfiC^C+iyCO 

pN+H3+pC^QC^i/C,C, 

pN+H3+(iQaC 

6,CD3+j/QCj+//QN^ 

5,CD3+(i„CD3+i/QN- 

<JaCD3 

^iaCD3i/QN+ 

t'QC+pN+H3+()X3D3+i/QC,3 

pCt3D3+7CO+pN“H^-<)'N+CaC 

(iCOO+pCXs 

pQD3+i^C„N- 

7CO+qC„3D3 

t^C.aC+SCOO+1/Q^.C } 

pCOO+i/QC 

(JCijCctH+dN+Ci C 

(JN+QC+d'CjQH-XOO 

pC^CqH+pCOO 

rCaCj 

rC«N+ 
rQC+rQN+ 

a. Ker. [19,20] b. 


scaled expt^* 


Ala-N+ds 
PED 


3015 

3003 


3005 

2993 


2962 

2962 

J/QH 

2945 

2949 

lyC.Hs 

2306 

2290 

lyN+Ds 

2288 

— 

i/N+D3 

2176 

2160 

i/N+D 3 

1605 

1608 

lyCO 

1464 

1459 

^rtC,:?H3+/9C jHs 

1459 

1459 

<5aCjH3 

1416 

1409 

6'„C,3H3+t^CO+2/CC+ACdH. 

1377 

1376 

<5.C,H3 

1365 

1355* 

pC^CaC 

1298 

1299* 

SC^CaC+uCO 

1201 

1193 

(5sN+D3+i/C„N+ 

1187 

— 

pCjH3+i/CQQ+pN+D3 

1176 

— 

^aN+D3 

1149 

1161 

<^aN+D3 

1114 

1100 

pCjH3+(i,N+D3+6CXaC 

1070 

1058 

i^CaCp+pC,3H3+(5jN+D3 

919 

922 

pCjH3+i/CCa+i/CaN+ 

887 

878 

pN+D3+pC3H3+i/C^N+ 

842 

849 

pN+Ds+JCOO 

812 

815 

pN+D3+i/QCa+(iCOO+i/CaN 

782 

776 

7 CO+PN+D 3 

612 

613 

iyCc,C+6COO 

507 

513 

pCOO+i/CaN'^ 

376 

377 

SN+C^C+SCjC^H 

304 

335 

(iCXaH+ <5N+C«C 

255 

273 

pCXaH+pCOO 

247 

258 

rQC^+pCjQH 

105 

211 

rCaN++rCaC 

65 

184 

rQC+ -QN- 
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Table 8.8: Fitted frequencies and PEDs of Ala-CdN+ds and Ala-CdsN+ds 


scaled 

expt“ 

Ala-CdN-d 3 

FED 

scaled 

expt“ 

Ala-CdsN+ds 

PED 

3015 

— 


2962 

— 


3004 

— 


2306 

— 

UN+D 3 

2945 

— 


2288 

— 

1 /N+D 3 

2305 

— 

I'N-^Da 

2239 

— 


2288 

— 


2229 

— 

i^CjDs 

2186 

— 

I'CaD 

2176 

— 

z^N+Ds 

2176 

— 

uN+Ds 

2116 

— 

I^C 3 D 3 

1605 

1605 

I'CO 

1605 

1608 

uCO 

1460 

1460 

(5a C ;,}IT 3 + pc j IT 3 

1415 

1412 

vCC+uCO+dCOO+SCjCnC 

1456 

1460 

d'aCjH3+pC3H3 

1360 

1343 

pCjC„C 

1406 

1414 

c5sC3H3+//'CO+;''CuC+(5COO 

1295 

1291 

(iC.jCaC+j/CO 

1372 

1380 

dsCjHs+z/CO 

1200 

1206 

6 ,N+D 3 +i/C<,N- 

1235 

— 

J/CaC J+pN"*" D 3 

1178 

1175 

<5aN+D3 

1207 

1212 

(5,N+D3+i^C^N+ 

1154 

1147 

c5aN+D3 

1175 

— 

(5.N+D3 

1148 

— 

Z/CaCp+tisC^Ds+daN'^Ds 

1162 

1159 

(5aN‘*'D3+pCjH3 

1072 

1080 

(5sC,3D3+pC^D3+j/CoN'^ 

1148 

— 

pC3H3+(5aN+D3+i/CaCj 

1055 

1057 

6'aCpD3+pCjD3 

1140 

1134 

(5,N+D3+5„N+D3 

1043 

— 

(5oCjD3 

1011 

1009 

pC3C^C+pC,3H3+pN+D3+(5C,3C,C 

1027 

1026 

(5aC,dD3+<5N+CaC 

941 

944 

dCjCaC+ 7 CO+i/C,.N+ 

1007 

— 

(5sC^D3+i/CaN~ 

901 

894 

uCC^+ 6 COO+pC.jH 3 +uCaN+ 

859 

857 

(5COO+i/CaC+pN+D3 

846 

845 

pN^Ds+uC^Cj+SCOO 

818 

821 

pN+D 3 + 0 'CO 

826 

825 

pCjC„C+z/CaC,3+pCjH3+(5COO 

794 

796 

pN+D 3 +uCaC 3 + 6 COO 

797 

— 

pN+D3+pCaQ.C+i^C,N++JCOO 

756 

754 

pC, 3 D 3 +l/CaN'*’ 

749 

— 

'•,CO+(5CpCaC+pN+D3 

732 

— 

7GO+pCt;D3 

597 

— 

uCc^C+SCOO+pCOO 

594 

— 

i/Cq C+tiCOO+z/Ca C J 

501 

— 

pC004-i/C„N+ 

500 

— 

pCOO+Z/CaN~ 

374 

— 

<5CjC«D+d'N+C,,C 

347 

— 

6N+CaC+(5C3C,H 

302 



(5C3CciD+(51Sl C,;tC 

■ 284 

— 

6CjCaH+(5N^C^C 

255 

— 

pC^CcD+pCOO 

241 

— 

pCjCoH+pCOO 

247 

— 

rCaCc3+pC,3CQD 

180 

— 

tCqCj 

105 



rCaN++rCaC 

183 

— 

rCaN^+rCaC 

65 

— 

rCaC+rCaN'^ 

64 

— 

rCaC+rCaN^ 


a. Ref. [19] 
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Table 8.9: Predicted frequencies and PEDs of Cys 


no. 

calc 

expt 

L-Cys“ D,L-Cys^ 

PED 

1 

3108 

3167 

— 

1 /N-H 3 

2 

3099 

3167 

— 

i/N-Hs 

3 

3034 

3055 

— 


4 

3003 

2998 

2989 

i/CjH, 

5 

2960 

2960 

2976 


6 

2947 

2918 

2935 


7 

2573 

2582 

2570 

uSK 

8 

1646 

— 

1663 

SaN-H:. 

9 

1636 

1616 

1628 

uCO 

10 

1599 

1576 

1585 


11 

1491 

1510 

1500 

d‘,,N-H3 

12 

1431 

1427 

1426 

SC}H2+i^C,,C+uCO 

13 

1409 

1400 

1406 

SCjUl+l'CaC 

14 

1393 

1376 

1366 

pCiCaC 

15 

1316 

1320 

1342 

5C.sC^C+i/CO+SCOO 

16 

1292 

1296 

1308 

ujC..}H.2+uC,:,C3 

17 

1206 

1203 

1265 


18 

1144 

1140 

1163 

pN’^Hs+d'CjCftC 

19 

1124 

1118 

1128 

pN+H 3 +u,'CjH 2 +pC^QC 

20 

1085 

1069 

1073 

:/CaN^+dC 3SH+pC/jH2+tCpH2 

21 

992 

990 

1000 

pN+Hs+dCjSH+^'CaCj 

22 

934 

936 

934 

i/CctbJ +(5C3SH+^'CQC+i/Ca(Cp 

23 

881 

875 

892 

TCO+dCOO+d'N+CaC 

24 

823 

823 

826 

5COO+''CO+(5CjSH 

25 

792 

779 

775 

pCjH 2 +dCaSH+i/CcN+ 

26 

693 

692 

— 

i/C, 3 S+oCO 

27 

610 

615 

615 

j/CaC+i/QN++(5COO 

28 

543 

538 

540 

pCOO+pC tj Cq H 

29 

495 

— 

464 

5N-C«C+d'C<,C^S+(iCjCaH 

30 

341 

— 

— 

(iC jCaH+rC^S+rCaC j 

31 

327 

— 

— 

rCjS+rCaN~ 

32 

273 

— 

— 

rCoN~+pC,iC,^H+rC, 3 S 

33 

268 

— 

— 

rQN- 

34 

187 

— 

— 

(iCjCQS+rCaC+dN'^'CQC+TCaCj 

35 

107 

— 

— 

tCc^CZ j+T(ZctC+u(ZO 

36 

91 

— 

— 

rCaC+rCaCj 


a. Ref. [39,21] b. Ref [37] 
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Table 8.10: Predicted frequencies and PEDs of Ser 


no. 

calc 

expt 


PED 



L-Ser^ D,L-Ser“ 


1 

3392 

— 

— 

i/OH 

2 

3160 

— 

— 


3 

3115 

— 

— 


4 

3018 

— 

— 

1 /N+H 3 

5 

2971 

— 

— 

Z/CaH+Z/CjH? 

6 

2958 

— 

— 

UC 3 H 2 + uCaii 

7 

2886 

— 

— 


8 

1645 

— 

1637 


9 

1626 

— 

1626 


10 

1611 

— 

1587 

uCO 

11 

1493 

— 

1523 


12 

1482 

1460 

1455 

d'CjH. 

13 

1438 

— 

1436 

i/CaC+pCjC,v +i^CO 

14 

1414 

1412 

— 

a.’C, 3 H 2 +dC, 30 H+i/CaQ+t/CC„ 

15 

1381 

1390 

1377 

lyCsCaC+SCsO 

16 

1318 

1323 

1309 

(iCjCaC+z^CO 

17 

1275 

— 

— 

tCjHa+pN^-Hj 

18 

1210 

1242 

1247 

u.'CjH 2 +(iCjOH 

19 

1187 

— 

1182 

tC3H2+pCjH2+pN~H3+pC,3CaC 

20 

1154 

1150 

1156 

pN+H 3 +()'CdC,,C+i^CaN+ 

21 

1093 

1090 

1093 

t'CaN’^’+Z^CaC^ 

22 

1039 

1040 

1029 

uQaO 

23 

985 

978 

982 

pCjH 2 +pN+H 3 +i^C„Cd 

24 

957 

919 

— 

i^CaC+pC,jH 2 

25 

868 

851 

852 

i/CcN'^'+pC^Ha 

26 

805 

809 

815 

(5COO+7CO 

27 

687 

— ■ 

— 

7CO+(iCoCjO+ d'COO 

28 

535 

525 

528 

pCOO+/3C,3Co,H 

29 

433 


— 

(5CdC,H+dC«C30+z/C„C+dsN+H3 

30 

375 


383 

<5C^CjO+(5N+QC+d'N+C<,H 

31 

322 

— 

324 

rCjO 

32 

291 



288 

rC jO+o'C jCaH+dN+CaC+pCOO 

33 

207 

— — — 

222 

pCjCaH+d'CjQH+pCOO 

34 

170 

— — 

— 

rC„N- 

35 

114 

— ■ 

— 

rCcfCj+rCjO 

36 

52 

— , 

— 

rQC+rQN- 




a. 

Ref. [21] 
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Table 8.11: Ala symbolic F matrix in non-redundant local 
coordinates 


1 

2 3 
4 5 6 

T 8 9 10 

11 12 13 14 15 

16 17 18 19 20 21 

22 23 24 25 26 27 28 

29 30 31 32 33 34 35 36 

37 38 39 40 41 42 43 44 

46 47 48 49 50 51 52 53 

56 57 58 59 60 61 62 63 

67 68 69 70 71 72 73 74 

79 80 81 82 83 84 85 86 

92 93 94 95 96 97 98 99 

106 107 108 109 no 111 112 113 

121 122 123 124 125 126 127 128 

137 138 139 140 141 142 143 144 

153 

154 155 156 157 158 159 160 161 
170 171 

172 173 174 175 176 177 178 179 
188 189 190 

191 192 193 194 195 196 197 198 
207 208 209 210 

211 212 213 214 215 216 217 218 
227 228 229 230 231 
232 233 234 235 236 237 238 239 
248 249 250 251 252 253 
254 255 256 257 258 259 260 261 
270 271 272 273 274 275 276 
277 278 279 280 281 282 283 284 

293 294 295 296 297 298 299 300 

301 302 303 304 305 306 307 308 

317 318 319 320 321 322 323 324 

326 327 328 329 330 331 332 333 

342 343 344 345 346 347 348 349 

352 353 354 355 356 357 358 359 

368 369 370 371 372 373 374 375 

379 380 381 382 383 384 385 386 

395 396 397 398 399 400 401 402 

407 408 409 410 411 412 413 414 

423 424 425 426 427 428 429 430 


45 

54 55 

64 65 66 

75 76 77 78 

87 88 89 90 91 

100 101 102 103 104 105 
114 115 116 117 118 119 120 
129 130 131 132 133 134 135 136 
145 146 147 148 149 150 151 152 

162 163 164 165 166 167 168 169 

180 181 182 183 184 185 186 187 

199 200 201 202 203 204 205 206 

219 220 221 222 223 224 225 226 

240 241 242 243 244 245 246 247 

262 263 264 265 266 267 268 269 

285 286 287 288 289 290 291 292 

309 310 311 312 313 314 315 316 
325 

334 335 336 337 338 339 340 341 
350 351 

360 361 362 363 364 365 366 367 
376 377. 378 

387 388 389 390 391 392 393 394 
403 404 405 406 

415 416 417 418 419 420 421 422 
431 432 433 434 435 
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Table 8.11: (Continued): Ala symbolic F matrix in local 
coordinates 


436 437 

438 

439 

440 

441 

442 

443 

444 

445 

446 

447 

448 

449 

450 

451 

452 453 

454 

455 

456 

457 

458 

459 

460 

461 

462 

463 

464 

465 



466 

467 

468 

469 

470 

471 

472 

473 

474 

475 

476 

477 

478 

479 

480 

481 

482 

483 

484 

485 

486 

487 

488 

489 

490 

491 

492 

493 

494 

495 

496 


497 

498 

499 

500 

501 

502 

503 

504 

505 

506 

507 

508 

509 

510 

511 

512 

513 

514 

515 

516 

517 

518 

519 

520 

521 

522 

523 

524 

525 

526 

527 

528 

529 

530 

531 

532 

533 

534 

535 

536 

537 

538 

539 

540 

541 

542 

543 

544 

545 

546 

547 

548 

549 

550 

551 

552 

553 

554 

555 

556 

557 

558 

559 

560 


561 

Non-redundant fitted force constants 


9.755 

1 . 

495 

7 . 

882 

0 . 

466 

0 . 

359 

4 . 

139 

0 . 

098 

- 0 . 

003 

0 . 

112 

4.384 

- 0 . 

003 

- 0 . 

004 

0 . 

108 

0 . 

208 

4 . 

358 

0 . 

016 

0 . 

oil 

0 . 

053 

0.069 

0 . 

060 

4 . 

818 

- 0 . 

019 

- 0 . 

014 

- 0 . 

033 

0 . 

122 

- 0 . 

002 

0 . 

001 

5.351 

0 . 

009 

- 0 . 

036 

- 0 . 

010 

0 . 

054 

0 . 

009 

- 0 . 

016 

0 . 

022 

5 . 

332 

- 0.011 

- 0 . 

037 

- 0 . 

026 

0 . 

033 

0 . 

003 

0 . 

006 

0 . 

022 

0 . 

027 

5 . 

168 

0.013 

0 . 

016 

0 . 

002 

0 . 

021 

0 . 

066 

- 0 . 

oil 

- 0 . 

001 

- 0 . 

001 

- 0 . 

002 

4.913 

0 . 

004 

0 . 

016 

- 0 . 

035 

- 0 . 

,007 

0 . 

034 

0 . 

,006 

- 0 . 

005 

- 0 . 

007 

- 0.004 

0 . 

049 

4 . 

913 

0 . 

010 

0 . 

,001 

- 0 . 

,010 

0 . 

,015 

0 . 

044 

0 . 

006 

0.003 

0 . 

002 

0 . 

005 

0 . 

048 

0 . 

,043 

4. 

,942 

0 . 

,226 

0 . 

327 

- 0 . 

450 

- 0.015 

- 0 . 

002 

- 0 . 

009 

0 . 

028 

0 . 

,015 

0 . 

,032 

- 0 . 

,011 

0 . 

013 

- 0 . 

,005 

1.497 

0 . 

,433 

- 0 . 

351 

0 . 

130 

- 0 . 

,242 

0 . 

,026 

0 . 

.038 

- 0 . 

027 

- 0 . 

,012 

- 0.006 

- 0 . 

,001 

0 . 

,031 

- 0 . 

002 

- 0 . 

,078 

1 . 

.246 

- 0 . 

,001 

- 0 . 

,019 

- 0 . 

,129 

- 0.148 

- 0 . 

,100 

0 . 

.095 

0 . 

,007 

0 . 

,054 

- 0 , 

.016 

0 . 

.016 

- 0 . 

,020 

- 0 . 

,012 

0.028 

0 . 

.005 

0 . 

.968 

0 . 

,047 

0 . 

.016 

0 . 

.143 

- 6 . 

.183 

- 0 . 

,110 

0 . 

,004 

0.013 

- 0 . 

,002 

0 , 

.014 

- 0 . 

016 

- 0 . 

.004 

0 . 

.007 

- 0 . 

,026 

0 . 

,037 

- 0 . 

,066 

0.616 

- 0 . 

,008 

- 0 . 

.007 

0 . 

.017 

0 , 

.372 

- 0 . 

.183 

0 . 

.012 

- 0 . 

,008 

0 . 

.014 

- 0.024 

- 0 , 

.027 

0 , 

.009 

0 . 

.000 

0 . 

.006 

0 , 

.031 

0 , 

.053 

- 0 . 

.065 

0 . 

.786 

- 0.051 

- 0 . 

.017 

- 0 . 

.285 

0 . 

.277 

0 . 

.213 

0 . 

.006 

0 , 

,052 

- 0 . 

,009 

- 0 . 

,009 

- 0.001 

0 , 

.068 

- 0 , 

.014 

0 . 

.085 

0 , 

.014 

- 0 , 

.062 

- 0 , 

.046 

0 . 

,016 

1 , 

.268 

- 0.022 

0 

.037 

0 

.149 

0 , 

.297 

-0 

.181 

0 

.012 

-0 

.052 

- 0 , 

.037 

- 0 . 

.015 

- 0.008 

0 

. 044 . 

-0 

.021 

- 0 . 

.031 

-0 

.008 

-0 

.206 

-0 

.041 

0 , 

.046 

- 0 , 

.122 

1.277 

-0 

.059 

0 

.040 

0 

.020 

-0 

.245 

-0 

.012 

-0 

.013 

0 

.040 

0 , 

.077 

0.071 

-0 

.009 

0 

.002 

-0 

.004 

-0 

.013 

0 

.058 

-0 

.005 

0 

.026 

-0 

.029 

- 0.050 

0 

.019 

0 

.565 

0 

.025 

-0 

.052 

-0 

.035 

0 

.000 

0 

.023 

0 

.001 

0.082 

-0 

.009 

-0 

.008 

-0 

.004 

0 

.015 

-0 

.007 

0 

.027 

-0 

.006 

-0 

.034 

0.007 

-0 

.019 

0 

.089 

-0 

.044 

0 

.015 

0 

.735 

0 

.007 

-0 

.055 

-0 

.012 

0.005 

-0 

.003 

0 

.007 

0 

.011 

-0 

.002 

0 

.008 

0 

.016 

-0 

.005 

-0 

.004 

0.012 

0 

.017 

0 

.057 

-0 

.029 

0 

.052 

0 

.019 

-0 

.050 

0 

.007 

-0 

.011 

0.721 

0 

.004 

0 

.004 

-0 

.004 

0 

.002 

0 

.005 

0 

.000 

-0 

.069 

0 

.051 

0.051 

0 

.001 

-0 

.004 

0 

.004 

-0 

.004 

-0 

.001 

-0 

.011 

-0 

.013 

-0 

.002 
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Table 8.11; (Continued): 

coordinates 


- 0.025 0.003 - 0.029 


Ala Symbolic F matrix in local 

- 0.028 


0.017 
- 0 . 044 
0.013 
- 0.001 
- 0.002 
0.010 
0.554 
0.000 
- 0.019 
- 0.001 
- 0.008 
- 0.017 
- 0.011 
0.076 
0.037 
0.739 
- 0.004 
0.150 
0.009 
0.009 
- 0.060 
- 0.014 
0.030 
0.010 
- 0.001 
0.119 
0.017 
- 0.014 
0.001 
- 0.006 
- 0.005 
- 0.001 
- 0.001 


0.007 
- 0.029 
0.005 
0.001 
0.018 
0.020 
- 0.111 
- 0.011 
- 0.008 
0.072 
0.002 
- 0.014 
- 0.054 
0.004 
- 0 . 034 
0.002 
0.061 
0.009 
0.008 
0.010 
- 0.001 
0.007 
0.042 
0.014 
- 0.026 
- 0.001 
0.003 
0.003 
- 0.003 
- 0.010 
- 0.002 
- 0.005 


0.003 
- 0 . 002 
0.007 
0.591 
0.002 
- 0.059 
- 0.015 
0.047 
0.000 
0.004 
- 0.070 
0.003 
- 0 . 029 
- 0 . 024 
- 0.013 
- 0.011 
0.101 
- 0.005 
0.673 
- 0 . 003 
- 0 . 023 
0.005 
- 0.011 
0.061 
- 0.021 
0.012 
- 0.001 
- 0.013 
- 0.006 
0.000 
- 0.018 
0.001 
0.121 


0.042 
0.004 
- 0.007 
0.073 
0.003 
0.009 
0.036 
0.003 
0.005 
0.000 
- 0.006 
- 0.055 
0.006 
0.010 
- 0.004 
- 0.063 
0.030 
0.012 
0.000 
- 0.022 
- 0 . 002 
- 0.044 
0.009 
0.001 
- 0.016 
- 0 . 002 
0.043 
0.003 
0.001 
0.007 
0.006 


0.013 
0.066 
- 0.019 
- 0.023 
0.061 
0.010 
0.005 
- 0 . 004 
0.004 
- 0.017 
- 0.006 
- 0.003 
0.019 
- 0.014 
- 0.001 
0.091 
0.014 
0.001 
0.011 
0.011 
0.004 
- 0. 012 
0 . 000 
0.047 
- 0.011 
- 0.034 
0.007 
0.002 
- 0.012 
- 0.005 
- 0.010 
0.017 


0.605 
- 0.056 
0.036 
0.018 
0.069 
0.002 
- 0.010 
- 0.005 
- 0.007 
0.000 
0.020 
0.003 
0.028 
0.084 
- 0.001 
- 0.025 
- 0.027 
- 0 . 002 
- 0.008 
0.001 
- 0.012 
0.537 
0.001 
- 0.010 
0.006 
- 0.001 
- 0.004 
0.035 ■ 
0.033 
0.002 
- 0.015 
0.010 


0.031 
- 0.004 
- 0 . 045 
- 0 . 034 
0.005 
- 0.001 
- 0 . 004 
0.007 
■ - 0.001 
- 0.001 
0.004 
0.013 
- 0 . 004 
- 0 . 037 
- 0.005 
0.003 
- 0 . 033 
0.001 
0.003 
0.010 
0.003 
- 0.012 
0.004 
0.063 
0.003 
0.005 
0.006 
0.001 
0.004 
0.004 
- 0.017 
0.009 


0.001 
0.034 
- 0.328 
- 0.020 
- 0.005 
- 0.001 
0.003 
- 0.003 
0.002 
- 0.003 
0.010 
0.011 
- 0.071 
- 0.006 
0.000 
0.001 
0.025 
0.033 
0.018 
- 0.016 
0.021 
0.024 
- 0.020 
- 0.002 
- 0 . 043 
0.010 
- 0 . 003 
- 0.003 
0.001 
0.000 


* Non-redundant local coordinates 


- 0.007 

are according to Table-8.1. 


- 0.029 
0.000 
- 0 . 033 
- 0.007 
0.017 
- 0.001 
- 0.003 
- 0.006 
0.534 
- 0.002 


0 

1 

cr> 

o 

0 

.530 

0 

.001 

1 

O 

.061 

0 

1 

.014 

0 

1 

.010 

0 

1 

.002 

0 

.020 

0 

1 

.023 

0 

1 

.043 

0 . 

.002 

0 

1 

.029 

0 

1 

003 

0 . 

038 

0 . 

043 

0 

1 

018 

0 

1 

020 

1 

o 

001 

0 . 

022 

0 

1 

006 

0 

1 

004 

0 

1 

009 
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Table 8 . 12 : Non-redundant scaled force constants of Cys 


1 

1 

4.363 













2 

1 

.083 

2 

4.828 











3 

1 

.048 

2 

.031 

3 

4.837 









4 

1 

.269 

2 

.072 

3 

.041 

4 3 

.086 







5 

1 

.230 

2 

-.020 

3 

-.065 

4 - 

.044 

5 4 

.677 





6 

1 

.103 

2 

.011 

3 

-.007 

4 

.054 

5 

.060 

6 4 

:.142 



7 

1 

.060 

2 

.009 

3 

.008 

4 - 

-.002 

5 

.065 

6 

.028 

7 

4.792 

8 

1 

-.028 

2 

-.016 

3 

.006 

4 - 

-.038 

5 - 

-.016 

6 

.035 

7 

.001 


8 

3.801 













9 

1 

-.056 

2 

-.023 

3 

.000 

4 

.125 

5 - 

-.132 

6 

.450 

7 

.011 


8 

.001 

9 

9.710 











10 

1 

-.072 

2 

.036 

3 

.031 

4 

.206 

5 - 

-.061 

6 

.466 

7 

.008 


8 

.014 

9 

1.424 : 

10 

8.331 









11 

1 

-.046 

2 

.007 

3 

-.016 

4 ■ 

-.082 

5 

.229 

6 

.068 

7 

-.001 


8 

-.005 

9 

.081 

10 

-.135 

11 ' 

1.921 







12 

1 

.010 

2 

.000 

3 

-.005 

4 ■ 

-.049 

5 

.102 

6 

.014 

7 

-.Oil 


8 

-.001 

9 

-.041 

10 

.009 

11 

.031 

12 ' ! 

5.229 





13 

1 

.000 

2 

.012 

3 

-.001 

4 • 

-.098 

5 

.093 

6 

.022 

7 

.008 


8 

-.006 

9 

.007 

10 

-.009 

11 

.018 

12 

.031 

13 ^ 

5.147 


.000 

14 

1 

-.008 

2 

-.012 

3 

.003 

4 

-.016 

5 

-.013 

6 

-.579 

7 


8 

-.007 

9 

.240 

10 

-.051 

11 

.001 

12 

.007 

13 

.006 

14 

1.488 

15 

1 

-.002 

2 

.094 

3 

.068 

4 

-.010 

5 

.160 

6 

-.241 

7 

-.041 


8 

-.004 

9 

.261 

10 

- 1.052 

11 

-.264 

12 

.016 

13 

-.104 

14 

.175 


15 

1.458 












.079 

16 

1 

-.255 

2 

.006 

3 

.011 

4 

.025 

5 

-.342 

6 

-.144 

7 


8 

.084 

9 

-.040 

10 

• .362 

11 

-.137 

12 

-.059 

13 

-.302 

14 

.064 


15 

-.053 

16 

1.161 










-.108 

17 

1 

-.089 

2 

.102 

3 

.106 

4 

.009 

5 

-.233 

6 

.147 

7 


8 

.037 

9 

-.038 

10 

.056 

11 

.146 

12 

.084 

13 

.199 

14 

-.038 


15 

-.030 

16 

-.085 

17 

.667 







7 

.055 

18 

1 

-.153 

2 

-.048 

3 

-.047 

4 

-.059 

5 

.389 

6 

-.005 


8 

-.020 

9 

-.160 

10 

-.307 

11 

.088 

12 

.020 

13 

.064 

14 

-.026 


15 

-.020 

16 

.012 

17 

-.081 

18 

.767 






.030 

19 

1 

.171 

2 

-.126 

3 

-.056 

4 

.022 

5 

.172 

6 

-.350 

7 


8 

.064 

9 

-.188 

10 

-.091 

11 

-.687 

12 . 

.152 

13 

-.299 

14 

.102 


15 

.027 

16 

-.008 

17 

-.041 

18 

.000 

19 

1.461 


-.328 

7 

-.044 

20 

1 

.316 

2 

.205 

3 

.128 

4 

.008 

5 

-.488 

6 


8 

15 

-.044 

.126 

9 

16 

-.090 

.212 

10 

17 

-.580 

.005 

11 

18 

-.545 

-.057 

12 

19 

.115 

.214 

13 

20 

-.186 
1 .673 

14 

. 085 
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Table 8.12: 


(Continued) ; Non-redundant scaled force 


21 


22 


23 


24 


25 


26 


27 


28 


29 


1 

8 

15 

1 

8 

15 

22 

1 

8 

15 

22 

1 

8 

15 

22 

1 

8 

15 

22 

1 

8 

15 

22 

1 


30 


8 

15 

22 

1 

8 

15 

22 

1 

8 

15 

22 

29 

1 

8 

15 

22 

29 


-.007 2 

.002 9 
-.049 16 
.021 2 
.001 9 
-.021 16 
1.009 
.004 2 

.001 9 

-.034 16 
.046 23 
.018 2 
-.002 9 
.021 16 
-.104 23 
.002 2 
.001 9 
.026 16 
.009 23 
-.114 2 

-.007 9 

.018 16 
.002 23 
-.231 2 

.014 9 - 

.021 16 
-.006 23 
.027 2 - 

.159 9 - 

-.050 16 
.045 23 
.014 2 

.031 9 - 

.020 16 .- 
.022 23 
.567 

.291 2 - 

.115 9 

.042 16 
. 027 23 
018 30 1 . 


-.003 3 

.058 10 
.020 17 
-.005 3 

-.079 10 
-.138 17 

.004 3 

-.018 10 
.020 17 
.789 
.003 3 

-.004 10 
-.041 17 
.037 24 
.002 3 
-.013 10 
.062 17 
-.069 24 
.198 3 

-.030 10 
.019 17 
.002 24 
.004 3 

-.031 10 
.043 17 
.005 24 
.165 3 

.195 10 
.043 17 
.001 24 
.093 3 

.070 10 ■ 

.044 17 
.001 24 ■ 

089 3 

232 10 - 

143 17 - 

013 24 
042 


.005 4 

-.034 11 
.040 18 
.011 4 

.029 11 
.042 18 

.002 4 
.026 11 
-.019 18 

-.005 4 

.007 11 
.000 18 
.604 
.005 4 

.037 11 
.022 18 
.017 25 
-.127 4 

.010 11 
-.005 18 
-.006 25 
-.009 4 

-.035 11 
-.004 18 
.001 25 
.277 4 

.041 11 
.009 18 
.017 25 
. 118 4 
.041 11 
.005 18 
. 002 25 


-.002 5 
-.306 12 
-.031 19 
-.025 '5 
1.087 12 
-.002 19 

.003 5 

.143 12 
.055 19 

-.005 5 

-.089 12 
-.007 19 

-.002 5 
•348 12 
.000 19 
.606 

-.140 5 

.001 12 
-.012 19 ■ 
-.001 26 
.277 5 ■ 

.008 12 
-.016 19 - 
-.001 26 - 
.029 5 - 

-.168 12 
.000 19 - 
.036 26 - 

.009 5 

.047 12 - 

.001 19 
.006 26 


-.312 6 

-.033 13 
-.003 20 
.107 6 

-.228 13 
.008 20 

.049 6 

.149 13 
.021 20 

.000 6 
.121 13 
.105 20 

- . 042 6 

.026 13 
-.002 20 

-.011 6 
-.001 13 
-.037 20 
.554 

-.052 6 

.010 13 
-.024 20 - 

-.007 27 
-.047 6 

.018 13 - 
.002 20 - 
.040 27 
.052 6 

.002 13 - 
. 087 20 - 

.019 27 


constants 

.039 7 
.235 14 
•017 21 
-.037 7 
•477 14 
-.031 21 


.021 4 
.404 11 
.054 18 
.041 25 


.276 5 

.050 12 
-.047 19 
-.010 26 


-.029 6 

.112 13 
.028 20 
.000 27 


• 004 7 

.219 14 
.039 21 

- . 023 7 

-.197 14 
.070 21 

-.009 7 

-.181 14 
.039 21 

.014 7 

.000 14 
.009 21 

.004 7 

.009 14 
-.040 21 
.590 
.018 7 
-.094 14 ■ 

-.025 21 
.016 28 
.002 7 

-.024 14 
-.040 21 - 

.017 28 - 

- . 044 7 

. 129 14 - 

.003 21 
.009 28 - 


Cys 

-.011 

-.018 

.659 

.004 

.033 

-.050 

.003 

.009 

-.032 

-.001 

.001 

-.050 

-.002 

.003 

.004 

-.001 

-.003 

.005 

.008 

.012 

.008 

.034 

-.034 

.007 

.796 

.012 

.002 

-.003 

-.009 

.052 

.030 

.023 

.002 
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Table 8 , 12 : ( Continued ): Non-redundant scaled force constants of Cys 


31 

1 

.004 

2 

.017 

3 

-.002 


8 

-.205 

9 

.039 

10 

-.003 


15 

-.002 

16 

-.033 

17 

.008 


22 

.004 

23 

.000 

24 

-.001 


29 

.105 

30 

-.014 

31 

.871 

32 

1 

-.004 

2 

-.030 

3 

-.036 


8 

-.034 

9 

.202 

10 

-.269 


15 

.051 

16 

.040 

17 

.048 


22 

.006 

23 

-.003 

24 

.006 


29 

.010 

30 

.017 

31 

-.003 

33 

1 

.037 

2 

.383 

3 

.452 


8 

.171 

9 

-.418 

10 

-.035 


15 

.003 

16 

.027 

17 

.038 


22 

-.019 

23 

-.001 

24 

.010 


29 

.036 

30 

-.037 

31 

.031 

34 

1 

.007 

2 

-.003 

3 

-.002 


8 

-.086 

9 

-.024 

10 

-.028 


15 

.007 

16 

-.022 

17 

.001 


22 

.011 

23 

.001 

24 

-.010 


29 

.012 

30 

.020 

31 

.039 

35 

1 

.010 

2 

.034 

3 

.061 


8 

.036 

9 

-.753 

10 

-.787 


15 

-.002 

16 

.030 

17 

.007 


22 

-.004 

23 

-.014 

24 

-.002 


29 

.017 

30 

.049 

31 

.014 

36 

1 

-.009 

2 

-.002 

3 

.002 


8 

.006 

9 

.010 

10 

-.014 


15 

.057 

16 

■ .045 

17 

-.038 


22 

-.110 

23 

-.068 

24 

.007 


29 

.009 

30 

-.032 

31 

-.001 


36 

.357 






4 

.198 

5 

-.010 

6 

.008 

7 

-.005 

11 

-.006 

12 

-.004 

13 

-.002 

14 

-.008 

18 

.008 

19 

-.019 

20 

.030 

21 

.001 

25 

.001 

26 - 

-.020 

27 

.054 

28 

.071 

4 

-.018 

5 

.006 

6 

.015 

7 

.034 

11 

-.020 

12 

-.024 

13 

-.016 

14 

.001 

18 

.008 

19 

.020 

20 

-.015 

21 

-.007 

25 

-.023 

26 

.003 

27 

.000 

28 

.001 

32 

.460 







4 

.170 

5 

.033 

6 

.058 

7 

.052 

11 

-.185 

12 

.022 

13 

-.095 

14 

-.061 

18 

-.025 

19 

.072 

20 

-.030 

21 

.001 

25 

CO 

CO 

0 

1 

26 

.015 

27 

.041 

28 

.054 

32 

-.004 

33 

.379 





4 

.033 

5 

.015 

6 

.007 

7 

-.002 

11 

.007 

12 

.009 

13 

.009 

14 

-.002 

18 

-.001 

19 

CM 

O 

f 

20 

.009 

21 

-.002 

25 

.007 

26 

.006 

27 

.005 

28 

-.039 

32 

-.008 

33 

.020 

34 

.099 



4 

.036 

5 

-.002 

6 

-.066 

7 

-.029 

11 

-.104 

12 

-.044 

13 

-.094 

14 

_ -.082 

18 

.095 

19 ' 

.029 

20 

-.045 

21 

’ -.016 

25 

-.040 

26 

CO 

o 

0 

1 

27 

.019 

28 

.029 

32 

.003 

33 

.057 

34 

-.008 

35 

.363 

4 

.027 

5 

-.059 

6 

-.036 

7 

. 007 

11 

-.731 

12 

-.227 

13 

-.570 

14 

.008 

18 

-.048 

19 

.080 

20 

.061 

21 

-.039 

25 

-.137 

26 

.000 

27 

-.004 

28 

.044 

32 

.013 

33 

.056 

34 

.009 

35 

.054 


* Non-redundat local coordinates are according to Table 8.2 
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Jable 8.13: Non-redundant scaled 


1 

1 

4.419 

2 

1 

•091 2 4.615 

3 

1 

.039 2 .055 3 4.814 

4 

1 

.419 2 .196 3 .190 4 

5 

1 

•233 2 .025 3 -.016 4 

6 

1 

•078 2 .003 3 -.040 4 

7 

1 

.050 2 -.011 3 .008 4 

8 

1 

-.016 2 -.006 3 -.007 4 


8 

6.430 

9 

1 

-.038 2 .008 3 .002 4 


8 . 

-.043 9 9.739 

10 

1 

-■Oil 2 .009 3 .014 4 

11 

8 

-•010 9 1.465 10 8.106 

1 

.008 2 -.001 3 -.005 4 

12 

8 

•002 9 .009 10 -.029 11 

1 

-.005 2 -.001 3 -.005 4 

13 

8 

•009 9 .003 10 -.030 11 

1 

-•030 2 .003 3 .000 4 

14 

8 

-.012 9 -.012 10 -.035 11 

1 

■007 2 -.006 3 .012 4 

15 

8 

•027 9 .217 10 .302 11 

1 

•016 2 -.002 3 .037 4 


8 

.006 9 .444 10 -.373 11 


15 

1.183 

16 

1 

-•087 2 .008 3 -.021 4 


.8 

.008 9 .013 10 -.031 11 


15 

•005 16 .972 

17 

1 

-•152 2 -.008 3 -.001 4 


8 -.003 9 .040 10 .016 11 

15 .031 16 -.055 17 .601 

18 1 -.169 2 -.019 3 .014 4 

8 .002 9 -.012 10 -.003 11 

15 .030 16 .049 17 -.068 18 

19 1 .503 2 -.007 3 .037 4 

8 .056 9 -.042 10 -.017 11 

15 .022 16 -.154 17 -.073 18 

2 ° 1 -102 2 .016 3 -.043 4 

8 -.026 9 .035 10 -.069 11 

15 .056 16 .211 17 .039 18 


force constants of Ser 


5.136 

-018 5 4.581 

■025 5 .102 6 4.196 

•002 5 .073 6 .043 7 4.829 

-.032 5 .006 6 -.021 7 -.002 

.117 5 .092 6 .480 7 .012 


.054 

: ■ 5 

.010 

' 6 

.407 

■ 7 

.010 

.003 

5 

.071 

6 

-.021 

7 

-.017 

5.394 






-.006 

5 

.053 

6 

-.022 

7 

.004 

.019 

12 

5.495 




-.035 

5 

.104 

6 

-.030 

7 

.000 

.025 

12 

.021 

13 

5.109 


-.071 

5 

-.019 

6 

-.440 

7 

-.007 

.021 

12 

.018 

13 

.032 

14 

1.476 

.006 

5 

-.231 

6 

.129 

7 

.035 

-.023 

12 

-.022 

13 

-.012 

14 

-.069 

-.032 

5 

-.176 

6 

-.097 

7 

.099 

.046 

12 

1 

o 

o 

13 

.016 

14 

.017 

.011 

5 

-.223 

6 

.128 

7 

-.017 

1 

o 

o 

12 

.011 

13 

.009 

14 

-.022 

.014 

' 5 

.366 

6 

.024 

7 

.009 

.010 

12 ■ 

-.021 

13 

-.028 

14 

.004 

.820 







-.016 

5 

.346 

6 

-.203 

7 

.009 

.007 

12 

.051 

13 

-.017 

14 

.047 

.035 

19 j 

L .529 





.099 

5 - 

-.296 

6 

-.156 

7 

1 

o 

O 

.052 : 

12 

.068 : 

13 

.014 : 

14 

.033 

-.040 : 

19 

.109 20 

1.134 
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Table 8 . 13 : (Continued) : Non-redundant scaled force constants of Ser 


21 


22 


23 


24 


25 


26 


27 


28 


29 


30 


1 

8 - 
15 

1 - 
8 
15 
22 
1 

8 - 
15 
22 
1 

8 • 
15 
22 
1 
8 

15 

22 

1 

8 

15 
22 
1 
8 
15 
22 
1 
8 
15 
22 
1 
8 
15 
22 
29 
1 
8 

15 
22 


.007 2 - 

.005 9 - 

.046 16 
.001 2 
.001 9 

.007 16 
.754 
.014 2 

-.016 9 

.007 16 
.007 23 
.004 2 

-.005 9 • 

.025 16 
-.026 23 
-.020 2 
-.009 9 

-.023 16 
-.020 23 
-.136 2 

.005 9 

-.006 16 
-.005 23 
-.245 2 

- . 027 9 

-.002 16 
.004 23 
.086 2 
.006 9 

.008 16 
.005 23 
.000 2 
-.011 9 

.006 16 
-.015 23 
.707 
.486 2 

.111 9 

.056 16 
.028 23 
.013 30 


.006 3 

.049 10 
.005 17 
.015 3 - 

.006 10 - 
.110 17 - 

.002 3 

.011 10 - 
.006 17 - 

.735 
.003 3 

-.030 10 
.003 17 
.009 24 
-.007 3 

.019 10 
.025 17 
-.009 24 
.090 3 

.000 10 
.011 17 
-.005 24 
-.004 3 

-.004 10 
-.001 17 
-.006 24 
.099 3 

-.015 10 
.058 17 
-.016 24 
-.033 3 

-.008 10 
-.069 17 
.014 24 

-.055 3 

.102 10 
-.071 17 
.008 24 
1.661 


.005 4 
.032 11 
.013 18 
.006 4 
.024 11 
.036 18 


.016 5 
.076 12 
.027 19 
.011 5 
.023 12 
.056 19 


.255 6 
.060 13 
.022 20 
.004 6 
.010 13 
.014 20 


.012 7 

.023 14 
-.006 21 
-.014 7 

-.033 14 
.031 21 


-.013 

-.009 

.569 

.008 

.012 

-.003 


.011 4 -.028 5 -.005 6 -.025 7 .000 
.074 11 .000 12 .027 13 -.062 14 .020 
.001 18 -.001 19 .093 20 .057 21 .019 


.002 4 - 

.016 11 ■ 
.004 18 
.592 
.003 4 

.023 11 
.010 18 
.020 25 
.086 4 

-.006 11 
.005 18 
-.001 25 
-.012 4 

-.025 11 
.015 18 
.004 25 
-.084 4 

.019 11 
-.052 18 
.016 25 
.044 4 

.003 11 
.021 18 
.005 25 

- . 047 4 

.082 11 
-.005 18 
.009 25 


.018 5 

.087 12 
.025 19 

.002 5 ■ 

.002 12 
.007 19 ’ 
.580 
.212 5 

.001 12 
.011 19 
.004 26 
.386 5 

.001 12 
.031 19 
.001 26 
.007 5 

.005 12 
-.041 19 
.005 26 
.000 5 

-.008 12 
.051 19 
.005 26 

.603 5 

-.009 12 
.072 19 
-.014 26 


.026 6 .024 7 .002 

.019 13 -.001 14 -.007 

.001 20 -.031 21 -.035 


.025 6 

.077 13 
.004 20 

.010 6 
.001 13 
.027 20 
.563 
.043 6 

.000 13 
•.074 20 
.005 27 
-.077 6 

-.004 13 
.012 20 
-.010 27 
.046 6 

.001 13 
.095 20 
.005 27 

-.068 6 
-.013 13 
.118 20 
-.031 27 


-.022 7 • 

-.064 14 
.028 21 

.007 7 

-.003 14 
.013 21 

.016 7 

.013 14 
.015 21 
.675 

- . 020 7 

-.017 14 
-.025 21 
.008 28 
.006 7 

-.010 14 
-.004 21 
.018 28 

.039 7 

-.039 14 
.082 21 
-.128 28 


.001 

.013 

.018 

■.004 

-.001 

.003 

-.015 

.009 

.008 

.040 

.003 

.011 

.856 

-.012 

.002 

.000 

.074 

-.047 

-.063 

.031 

.104 



Table 8 . 13 : ( Continued ): Non-redundant scaled force constants of Ser 


31 1 
8 

15 

22 

29 

32 1 
8 

15 

22 

29 

33 1 
8 

15 

22 

29 

34 1 
8 

IS - 

22 

29 

35 1 
8 

15 

22 

29 

36 1 
8 

15 

22 

29 

36 


.026 2 
.021 9 
.002 16 
-.008 23 
-.001 30 
-.020 2 
-.010 9 

-.001 16 
-.009 23 
.000 30 
-.111 2 
-.005 9 

-.016 16 
.004 23 
-.021 30 
- . 037 2 

-.007 9 

-.006 16 
-.003 23 
-.022 30 
-.009 2 

-.005 9 

-.034 16 
.022 23 
.000 30 
- . 035 2 

-.005 9 

.002 16 
.001 23 


.001 3 

.000 10 
-.004 17 
-.017 24 
.067 31 
-.002 3 

-.016 10 
.044 17 
.006 24 
-.015 31 
.007 3 

.000 10 
-.045 17 
.002 24 
-.082 31 
.006 3 

.027 10 
.021 17 
-.003 24 
-.046 31 
-.002 3 

.020 10 
-.058 17 
-.015 24 
-.004 31 
.003 3 

.010 10 
-.006 17 
-.050 24 


.008 4 
-.019 11 
-.003 18 
.001 25 
.805 

-.009 4 

-.016 11 
.059 18 
-.009 25 
-.001 32 
.004 4 

-.002 11 
.045 18 
-.032 25 
-.016 32 
.002 4 

-.029 11 
.012 18 
.000 25 
.007 32 
-.017 4 

-.027 11 
-.010 18 
.008 25 
.000 32 
.004 4 

-.004 11 
-.001 18 
.056 25 
.000 32 


.354 5 

.002 12 
.006 19 
-.002 26 

-.005 5 

-.005 12 
-.006 19 
-.009 26 
.514 

-.011 5 

.003 12 
.005 19 
-.016 26 
.013 33 
- . 024 5 

-.004 12 
-.008 19 
.005 26 
-.003 33 
.020 5 

-.007 12 
-.042 19 
.020 26 
.032 33 
-.014 5 

.007 12 
.007 19 
.065 26 
.006 33 


.018 6 
.001 13 
-.006 20 
.007 27 

-.009 6 

.000 13 
.031 20 
.000 27 

.024 6 

.007 13 
-.118 20 
.002 27 
.230 
.005 6 

-.001 13 
-.027 20 
.002 27 
.051 34 
-.006 6 
.018 13 
.008 20 
-.008 27 
.003 34 
.002 6 
.016 13 
-.019 20 
-.002 27 
-.001 34 


.004 30 -.022 31 

.058 


-.012 

7 

.003 

-.004 

14 

.014 

.026 

21 

-.007 

-.005 

28 

-.003 

-.004 

7 

.022 

-.001 

14 

-.010 

-.029 

21 

.000 

.004 

28 

-.003 

.024 

7 

-.011 

.019 

14 

-.003 

.023 

21 

-.011 

.011 

28 

-.097 


.000 

7 

-.003 

.008 

14 

.001 

.010 

21 

.001 

.006 

28 

-.071 

.044 



.002 

7 

.012 

.002 

14 

-.003 

.030 

21 

.006 

.001 

28 

-.003 

-.002 

35 

.090 

.004 

7 

.003 

-.040 

14 

-.003 

.011 

21 ■ 

-.006 

.004 

28 ■ 

-.004 

.001 

35 • 

-.028 


* Non-redundant local coordinate 


s are according to Table-8.2. 
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Chapter 9 

Conclusions and Future Scope 


The availabihty of a number of empirical force fields and their popularity in getting 
Ketul chemical and biochemical insights clearly demonstrate the necessity of having a 
ependable force field for the molecules of interest. It has been shown that adjusting 
e empirical parameters to reproduce the experimental vibrational frequencies have 
si^ificant improvement on the inferences made from the simulations. Ab initio force 
e ds .havmg a firm theoretical basis is expected to provide more reliable parameter than 
e empmcai ones. To this end, m this thesis we proposed an alternative methodology for 
scalmg the ab inifio force constants. The resulting scaled quantum mechanical force field 
m of a complete set of non-redundant force constants is utilized for interpretation 
and prediction of the vibrational spectra of few organic molecules and amino acids The 

results show that the methodology works as good as other known scaling procedures and 
better in few favourable cases. 


n e case of orgamc molecules many well studied systems are available in the liter- 
ature. We used some of them like acrolein, benzene, naphthalene etc. to interpret their 
VI rational spectra. By transferring the scale factors from structurallv related molecu- 
lar systems the predictive ability of the present methodology has been tested for few 
molecules like pyridine, benzaldehyde and anthracene. The final results suggest the gen- 
eral applicability of the scalmg methodology. A set of reliable non-redundant scaled Le 
constants have been obtained for aU the organic molecules studied. However incorporat- 

mg these parameters, into simulation of molecular mechanics and dynamics is deferred 
for future work. 
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The use of ab initio methods to describe the vibrational characteristics of amino acids 
is still in its infancy. The nature of intermolecular H-bonding present in the condensed 
phase poses serious problems in mimicking the experimental features of vibrational spec- 
tra using ab initio calculations on isolated molecules. Different ways of incorporating 
this environmental effect into calculations involving single molecule are explored. Single 
molecular calculation on hydrochlorides of amino acids and Onsager reaction field ap- 
proaclr of immersing the molecule in a dielectric continuum on amino acid zwitterions are 
found to give reasonably good results. A complete set of non-redimdant force constants 
were obtained for the amino acids and their hydrochlorides investigated in this thesis. To 
incorporate these results into molecular mechanics simulations require the data for other 
amino acids, work in this direction is in progress in our laboratory. 
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